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Abstract
One of the largest problems facing vascular surgeons today is malfunctioning arteriovenous

fistulas (AVF) in patients on hemodialysis. A radial- cephalic AVF is a vessel in the arm that
directs blood flow from the high pressure arteries to the low pressure veins and is put in place so
blood can be withdrawn from a patient at a point where high volume blood flow occurs. After a
period of maturation, the fistula often expands to adapt for the increase flow and can therefore be
accessed repeatedly for hemodialysis. However, in a small percentage of cases, access related
steal can lead to ischemia of the hand and threaten the patient with gangrene and amputation.
This is a recognizable problem and is currently being treated with a method called Distal
Revascularization and Interval Ligation (DRIL) in which a vast majority of cases see improved
blood flow and pressure to the digits all while maintaining the AVF. The DRIL procedure has
been widely accepted as an effective method to prevent the onset of steal, however the flow
mechanisms and reasoning behind its success is not well understood. Thus far, attempts of
explaining the procedure have been sparse and incomplete, often disregarding factors such as the
compliance of the vessels and the pressures and flows on the venous side of the vasculature.
To study this problem, a physical model was built using tubing with comparable
resistances and compliances to that of native vessels. The native circulation was first built,
including the venous side, which will provide a unique baseline for the study. An emphasis was
placed on creating a system with physiologic pressures on both the arterial side and venous side.
Once the model successfully represented the native blood flow, it was adapted for an AVF. Upon
this adaptation, variations of radius, length, and position were tested. Furthermore, this model
can easily be adapted to model hypertensive patients, much like those on hemodialysis and can
offer additional insight as to if those patients are more susceptible to access related ischemia.
Observations of pressures and flows led to a comprehensive study of the hemodynamics of
the native arm circulation, an AVF and the DRIL procedure. When the model is integrated into
the hemodynamic simulator loop, physiologic pressures have been produced in the arterial side
of 125/55 mmHg and a damped waveform with a mean pressure of 18 mmHg was found on the
venous side. Mean aortic flow was 4.7 L/min.
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2

Introduction
The following section gives a brief introduction to the vasculature, vessel anatomy of the

arm, hemodynamic concepts including Poiseuille’s Law and Womersley’s Impedance Method,
the basics of hemodialysis, AVF, DRIL, and finally a literature review including current models.
2.1

Vasculature
When blood exits the left ventricle of the heart it travels through the systemic circulation

and to an expansive array of vessels known as arteries. The blood, driven by the pumping heart,
divides into smaller vessels and become capillaries. At this point, the oxygenated blood can
deliver necessary nutrients to the body’s tissue through the thin vessel walls. The capillary beds
then converge to larger diameter vessels called veins, which deliver the blood back to the heart
as demonstrated in Figure 1 below.

Figure 1- Illustration of the arteries (left), capillaries (center) and veins (right). The arteries are responsible
for bringing blood away from the heart. The capillaries are responsible for the diffusion of nutrients and the
veins carry deoxygenated blood to the heart [1].

Arteries are high pressure vessels with thick, dense walls often comprised of several
layers. They are responsible for carrying blood away from the heart. In the capillary bed, where
diffusion occurs, the vessels and walls become so thin that often only one deformed red blood
cell can travel through the vessel at a time [1].
Veins are often referred to as capacitance vessels for their high distensibility. They are
thin walled and less elastic than arteries. Because of the venous circulation’s high capacitance
and the preceding capillary bed, pulsatile waveforms are not as pertinent in the veins, unlike the
Nicole A. Varble
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arteries, as shown in Figure 2. Instead, veins are high flow with low mean pressures.
Additionally, to prevent retrograde (backwards) flow, veins also come equipped with one-way
valves [2].

(A)

(B)
Figure 2- (A) Blood pressure and blood volume distribution of the systemic circulation [3]. (B) Pulsatile flow
is dampened as it enters the venous circulation [4].

Another feature of the systemic circulatory system that becomes pertinent moving
forward is arterial collateral blood flow. Collateral blood flow is a smaller diameter vessel that
branches from the main arterial blood flow to supply tissue with oxygenated blood. The
collateral blood flow later reenters the primary blood pathway at a more distal location [5].
Between individuals, collateral blood supply can be abundant or non- existent. In most cases, the
presence of collaterals does not affect an individual’s ability to deliver nutrients to the
extremities.
In this study, the main focus will be on the arm vasculature beginning at the arterial side
with the aorta, to the subclavian artery, the axillary artery, the brachial artery, and the bifurcation
of radial and ulnar arteries. An arterial collateral blood supply will also be present diverging

Nicole A. Varble

12

from the most proximal position (nearer to the center of the body) of the brachial artery and
reentering at the radial artery. The blood flow will then be examined through the palmer arch and
an equivalent resistance and capacitance capillary bed and finally, the return venous supply
ending at the cephalic vein and the vena cava. Figure 3 below shows the arterial blood flow of
the arm from which the physical model discussed later is modeled after.

Axillary Artery

Brachial Artery
Collateral Artery

Radial Artery

Ulnar Artery

Figure 3- Brachial artery and radial-ulnar bifurcation [6].

2.2

Hemodynamic Concepts
When considering the arterial and venous blood flow, several parameters must be taken

into consideration. The manner in which blood is ejected into the systemic circulation and the
resulting pressures and flows, as well as vessel characteristics such as compliance and resistance;
all play a role in defining the hemodynamics of the vascular system.
Physiologic pressure waveforms produced by the heart are not perfectly sinusoidal. Rather,
due to a combination of closing valves, the compliance of the ventricular heart chamber, and the
compliance of the blood vessels, a complex waveform is produced with, most notably, a
characteristic “notch” called the dicrotic notch. The dicrotic notch is a result of the aortic valve
closing as noted in Figure 4.
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Figure 4- Aortic pressure waveforms with dicrotic notch indicating the closing of the aortic valve [7].

During times when the ventricular chamber is ejecting high amounts of blood into the
systemic circulation a peak pressure is recorded called systolic blood pressure. When the heart is
at rest and pressure is minimized in the arteries, the pressure is known as diastolic pressure. An
illustration of a single cardiac cycle can be seen in Figure 5.

Figure 5- A single cardiac cycle plotted against time. Systolic (maximum) and diastolic (minimum) pressures
are labeled [7].

Compliance, C, is the ratio of the change in volume, ∆V, and the change in pressure, ∆P,
as expressed in Equation (1) . In the circulatory system, it is the ability for a vessel to store and
then eject blood. As stated previously, veins are considered to have high compliance and thus act
as “a storage reservoir for blood [2].”


∆
∆

(1)

Flow resistance, R, is defined in Equation (2) as the change in pressure, ∆P, over the flow
rate, Q. As discussed below in greater detail, resistance can be calculated as a function of vessel
geometry, fluid and flow properties.
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2.2.1

∆


(2)

Poiseuille’s Law
It has been accepted that the nature of blood flow in the body is primarily governed by

Poiseuille’s Law, derived by Poiseuille (1799- 1869). Newton’s law of viscous force, Equation
(3) below, was translated into a predictor of resistance of a tube based on several measured
parameters. Poiseuille’s law is applicable when considering a rigid tube with steady, laminar
flow [5].
F

dv

dr

(3)

     
8 !

(4)

 2πµL 

Above, µ is viscosity and (dv/dr) is the velocity gradient across the length, L, of the pipe.
Poiseuille’s law states:


If Resistance is stated as R = ∆P/Q and radius, r, is replaced with diameter, D, then:


128 !
#

(5)

Equation (5) from Poiseuille’s Law suggests that there are three primary factors which
determine the resistance of a vessel, the viscosity of the fluid traveling through the vessel and the
length and the diameter of the vessel. Poiseuille’s Law suggests that if the viscosity or length
were to double, the resistance would also double. However, when examining the effect of the
changing diameter, one should note that the resistance would increase with a factor of D-4, thus
making diameter the dominating factor in the determination of the resistance of a vessel.
2.2.1.1 Diameter
When considering Poiseuille’s Law in the realm of vascular anatomy and dynamics, the
effect of an increased or decreased diameter is large. For instance, under normal physiological
and anatomical conditions, when an individual becomes hot or is exercising there is an increased
need to deliver blood to the surface of the skin for cooling or to the muscles to provide oxygen.
The body reacts with vasodilation, or dilation of the blood vessels. According to Equation (5), an
increase of diameter from 5 to 6 mm, under the same pressure conditions, may result in over
100% increase in flow as suggested by Poiseuille’s Law. Conversely, if a patient’s artery has an
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occlusion such as plaque buildup or arthrosclerosis, a decrease from 6 to 5 mm will result in over
50% decrease in flow.
2.2.1.2 Viscosity
Mathematically, viscosity is represented by the ratio of shear stress to the strain rate, and
thus the velocity gradient. A majority of fluids can be classified as Newtonian, where there is a
linear relationship between shear stress and strain rate, or non-Newtonian, where varying shear
rates indicate changing viscosities and are often said to have elastic behavior. Figure 6 shows
that the shear rate is a function of shear strain for blood to be non-linear. Blood is a complex
non-Newtonian fluid whose viscoelastic properties are determined by plasma viscosity,
erythrocyte deformability, aggregation of cells, plasma proteins and, most influentially,
according to Stuart, hematocrit (standard of 0.45) [8].

Figure 6- For blood, shear stress is a function of shear strain. Additionally, as the shear rate changes the
viscosity of blood changes [9].

Unlike at low shear rates (such as large diameter veins), Stuart found at high shear rates,
such as the high flow arteries, viscosity is low and virtually constant. Furthermore, it was found
that despite regions of high erythrocyte aggregation, viscosity remains relatively constant [10].
2.2.2

Impedance Model
Another method which predicts the resistance of a vessel involves the consideration of

the oscillatory nature of the blood flow through the vessels. Much like the Windkessel model to
be discussed later, fluidic impedance can be equivocated to an electrical circuit where flow is
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analogous to current and pressure is analogous to voltage. Through equating electrical
impedance to fluidic impedance Womersley found that:
$%&'()*+' 
Where,
0
./
1

And,
4/ 

! -
0 sin 4/
  ./

(6)

√2 1
7
6 6

(7)

1
√2 1 19
7 7
·
24 √2- ;

(8)

Shown above, L is length, µ is viscosity and r is the radius of the vessel. In Equation (9),
the variable, α is known as the Womersley number and can be expressed as a function of r, the
inner radius, ω, the radian frequency and µ [5].
6 <

=>

=  2?@

(9)

(10)

Above, fh is the frequency of the heart beat per second [2]. Womersley numbers in the
human arterial system can range from 15 in the main pulmonary artery, to 0.005 in the capillaries
[11].
2.2.3

Windkessel Model
The Windkessel Model, developed by Otto Frank in 1890 is an electrically motivated

model that initially contained a single resistor and capacitor and is widely used to model arterial
flow. In the more current literature and as shown in the right portion of Figure 7, the single
capacitor and resistor was expanded to the more accurate model which contained both a proximal
and distal resistor.
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Figure 7- The Windkessel Model. Left: high arterial compliance. Center: low arterial compliance. Right:
Modified Windkessel with proximal as well as distal resistance [12].

Other models include an additional inductor in parallel or in series with the proximal resistor
[13].
2.3

Hypertension

High blood pressure or hypertension is defined as:
“A sustained BP [blood pressure] value… exceeding 140/90 mmHg…” [14]
Blood pressure is defined by two major factors, cardiac output (CO), expressed as a
volume being ejected from the right ventricle per unit time, and peripheral vascular resistance
(PVR), expressed in mmHg-min/L [14].

A  BC

(11)

McDonald’s states that the main cause of chronic hypertension is high peripheral
resistance and a decrease in arterial distensibility [5]. High peripheral resistance refers to the
inability for blood to flow through the vessels of the body’s extremities due to the altercation of
physical or geometric properties of the vasculature. This, most often, is stenosis (narrowing) of
the arteries and a decreased capacitance of the veins. With advanced age, the ability of an artery
to expand decreases thus decreasing the cross sectional area of the vessel and increasing
resistance while cardiac output will remain normal or even low. Additionally, cardiac output is
dependent on stroke volume (SV), the volume of blood pumped from the heart in one beat, and
heart rate (HR), the number of heart beats per unit time [2]. Neither of these factors are said to
contribute to long term or late stage hypertension.

B  DCE

(12)

Furthermore, an initial increase in mean arterial pressure leads to an increase in diameter
and stiffness of an artery. When an individual maintains a low blood pressure they ensure the
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distensibility of their arteries and thus, a low peripheral resistance. Low blood pressure elevates
the threat of this circular problem. At lower pressures, stress is taken on by the elastic fibers
present in the arterial walls. As pressure increases more elastic fibers are recruited thus creating a
non-linear pressure diameter curve. Additionally, as shown in Figure 8, the pressure to diameter
relationship between a normotensive and hypertensive subject shows the decreased elastic nature
(compliance) when exposed to long term elevated blood pressure.

Figure 8- Pressure-diameter relationships shown schematically for an elastic artery of a normotensive subject
(right) and compared to a longstanding hypertensive patient (right) [15].

2.4

Hemodialysis
Hemodialysis is the most common treatment of kidney failure. Ideally, a patient with renal

failure will receive a kidney transplant, but when the transplant is too risky or unavailable,
hemodialysis is the best treatment. The procedure takes blood from a catheter or fistula and
pumps it through a dialysis machine which filters the blood, a function normally performed by
the kidneys. As shown in Figure 9 the filtered blood reenters the blood stream at a different
location. When blood is accessed, it is preferentially taken from a high flow, relatively low
pressure location, filtered, and then reestablished in the blood stream on the venous side. Dialysis
is typically performed three times a week for 3 to 5 hours each day. Currently, 26 million adults
in the United States have chronic kidney disease and are in need of treatment [16].
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Figure 9- Hemodialysis [17]

2.5

Arteriovenous Fistulas and Clinical Steal
Normally blood flows from the artery to the capillaries and then into the veins. When an

arteriovenous fistula (AVF) is in place, blood is shunted directly from the artery to the vein, as
illustrated in Figure 10. This bridge that directs blood flow from the high pressure arteries to the
low pressure veins is put in place so blood can be withdrawn from the body at a point where high
volume blood flow occurs and is commonly referred to as an access. An AVF is most typically
made using a saphenous vein (from the lower extremities), or can be a synthetic graft made of
polytetrafluoroethylene (PTFE). A common access is a brachial- cephalic fistula where the
fistula bifurcates the brachial artery and reenters at the cephalic vein.
After a period of maturation, the AVF often expands to adapt for the increased flow and
can therefore be punctured (or accessed) repeatedly in particularly for patients on hemodialysis.
The period of maturation allows for the fistula flow to reach an a desirable flow rate for
hemodialysis (approximately 500-600 mL/min). One of the largest problems facing vascular
surgeons today is malfunctioning AVF in patients on hemodialysis.
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(A)

(B)

(C)
Figure 10- (A) Accessing blood flow from and arteriovenous fistula. (B) An example of an access graft. (C)
Another example of hemodialysis access through an AVF [17].

In approximately 20% of patients that are outfitted with an AV Fistula, access related
clinical steal occurs. In 3.7% to 5% of patients symptomatic ischemia of the hand can arise and
threaten the patient with gangrene and amputation [18]. In a brachial-cepalic fistula, steal refers
to the decreased blood flow to the hand from the distal (further from the center of the body)
brachial artery when a fistula is in place. The distal brachial artery refers to the portion of the
brachial artery distal to the fistula. It is shown that a the AVF serves as a low pressure vessel and
therefore draws flow from the distal extremities, which is frequently retrograde, and therefore
deprives the digits of blood flow which delivers necessary nutrients and oxygen.
Steal, in a small percentage of cases, leads to ischemia of the hand and in the most severe
cases can lead to gangrene and amputation. Clinical symptoms of ischemia are rest pain, drop
hand, motor impairment, and prolonged impaired sensation [19]. In patients where these
symptoms are persistent for several months, action needs to be taken to preserve the hand and
access point.
The definition of clinical steal is retrograde flow through the distal portion of the brachial
artery. It has been found, however, that patients can experience ischemic symptoms without
having retrograde flow. Ideally, normal mean pressure in the hand is 90-100 mmHg [20].
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Pressures that may indicate steal are on the range of 40- 50 mmHg [20], [21]. Ideal fistula flow
ranges from 300- 600 mL/min in order for hemodialysis to be adequately preformed [20].
2.6

Distal Revascularization and Interval Ligation
The simplest method for treating access related ischemia is ligation (tying off) of the AVF.

This restores flow back to the hand but the obvious consequence is that the access is no longer
useable. In the past several decades, the need to maintain the access and restore adequate blood
flow to the arm has prompted the proposal and implementation of several different methods by
vascular surgeons. The most commonly accepted correction surgery is Distal Revascularization
and Interval Ligation (DRIL). DRIL is a procedure which corrects for steal by bypassing of the
AVF. The bypass, typically made with a reversed saphenous vein, bifurcates the artery proximal
to the AVF and reenters distal to the AVF. The artery which lies between the AVF and the distal
reentrance of the bypass is then ligated (tied off) to prevent retrograde flow back into the AVF.
An example of a brachial-cephalic AVF and the DRIL procedure is shown below in Figure 11.

Figure 11- The arteriovenous graft (or AVF, white) is shown shunting blood from the arterial to the venous
side. The arterial bypass (DRIL) passes over the AVF and is revascularized at a distal location of the arterial
blood flow. Also shown is the arterial ligature (interval ligation), where the distal portion of the brachial
artery beyond the AVF is tied off [22].
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In a vast majority of cases treated with DRIL, an improved blood flow and pressure to the
digits (fingers) are seen all while maintaining the AVF. The DRIL procedure has been widely
recognized as an acceptable and effective method to prevent the onset of steal, however, the flow
mechanisms and reasoning behind its success are not well understood. Thus far, attempts of
explaining the procedure have been sparse and incomplete, often disregarding factors such as the
compliance of the vessels pulsatile flow and the pressures and flows on the venous side of the
vasculature.
Although it has been reported that DRIL is an effective procedure for most people, many
undergo successful DRIL procedures with no clinical benefit. This is a result of a lack of
understanding of the hemodynamics behind the method. It is the hope this paper that the
encompassing research will shed light on this relatively unexplored area.
2.7

Literature Review
In all three cases reported by Schanzer in his original paper, [23], angioaccess (AVF) flow

was not affected by the installment of the DRIL bypass and the ligation of the distal brachial
artery. Schanzer argued that with the addition of the bypass, additional collateral flow was being
supplied to the distal portion of the arm and thus an improvement in distal perfusion was seen.
An improvement in mean systolic pressure was seen in the distal brachial artery from 13 mmHg
before the bypass placement to 30 mmHg with AVF compression and after the bypass. With
ligation of the AVF the mean systolic pressure of the distal brachial artery improved to 58
mmHg.
In Schanzer’s article a defined protocol was followed where the bypass originated on the
native artery 5 cm proximal to the origin of the AVF and inserted 4 cm distal to the AVF origin.
Additionally, the native brachial artery was ligated between the origin of the AVF and the
insertion of the distal portion of the bypass. A 6 mm PTFE graft was used for the bypass conduit
in two cases and a reversed saphenous vein was used in one case. An improvement of symptoms
occurred in all reported cases [23]. Figure 12, taken from Schanzer shows an upper arm AVG
and steal correction procedure using a reversed vein graft.
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Figure 12- A brachial- cephalic AVF made with PTFE of the upper arm (top) with steal correction procedure
using reversed vein graft (bottom) [23]

Lazaride in 2003 suggested there are several pre disposing factors which may lead to
access related ischemia [19]. Patients are more often female, greater than 60 years old, diabetic,
and have had several previous access procedures on the same arm. It is also stated that although
symptoms of ischemia can occur in up to 80% of patients, only a small percentage need
adjunctive procedures. For many patients, ischemic symptoms improve within a few months, but
for those with persistent symptoms DRIL has been proposed as the most effective means to
prevent “limb-threatening” ischemia.
One of the most significant results reported by Lazaride is that the intra-arterial systolic
pressure decreased by more than 50% distal to the arterial anastomosis in cases which the hand
ischemia needed a corrective procedure. Lazaride tested the effectiveness of two methods of
treatment, the DRIL procedure according to Schanzer and elongation of the grafts.
The DRIL procedure was reportedly the most “attractive” method to fix steal [19]. As
described in Schanzer, the bypass was placed 4-5 cm proximal to arterial anastomosis and the
artery was then ligated just distal to this. When elongating the access graft, a 4-7 mm tapered
graft was used to replace the fistula already in place. With this method, however, it was difficult
to judge the amount of stenosis required to reduce flow a sufficient amount to reduce steal. The
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goal in elongating the graft was to increase the graft resistance using additional length to
promote antegrade flow in the distal brachial artery.

Additionally, Lazaride suggested three main reason steal occurs:
I.
II.
III.

Steal occurs only on hemodialysis because of decreased systemic arterial pressure.
Steal is caused by inflow stenosis.
Steal results in discordant fistula and peripheral vascular resistance.

Korzets, in a study in 2003 of 11 patients with AVF found, as suggested by Sessa, that the
most prominent feature which leads to a necessary correction procedure such as DRIL is a lack
of adequate collaterals [24]. Although it was found that 70-90% of patients experience retrograde
flow upon creation of an AVF, arterial collaterals provide enough blood flow to the hand that no
symptoms of ischemia are experienced. With a lack of adequate collaterals, Korzets found that
the sudden drop in outlflow resistance by installing the AVF resulted in distal arterial flow
reversal. Retrograde flow refers to the flow in the backwards direction through the distal
brachial artery. The collaterals, given that the flow is sufficient, have the ability to supply an
adequate amount of blood flow to the hand regardless of retrograde flow.
In 2004, Gradman proposed a simplified mathematical model of the arm vasculature to
predict the flow and pressures of a 6mm prosthetic brachial-axillary access and correction
procedure [25]. Gradman used an equivalent electrical analogue to model the arm vasculature.
Table 1 below shows fluid dynamic terms compared to their electrical equivalents.
Table 1- Fluid equivalents in electrical terms

Fluid Dynamic Terms

Electrical Equivalent

Symbol

SI Units

Clinical Units

Compliance

C

m4-s2/kg

mL/mmHg

Resistance

R

kg/s-m4

Flow

Q

Pressure

P
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Symbol

Units

Capacitance

C

C/ Volt

mmHg-min/L

Resistance

R

Volt/Ampere

m3/s

mL/min

Current

I

Ampere

kg/m-s2

mmHg

Voltage

V

Volt
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Although a somewhat novel idea, the model lacks sophistication in several areas. The data to
construct the model was based on two patients, the model ignored collateral circulation and
pulsatile flow, and all arteries were assumed to be the same length. Despite its several
simplifications, Gradman ultimately concluded that DRIL provides the most relative increase in
forearm flow.
Also in 2004, Sessa produced a case study of 18 patients who underwent the DRIL
procedure and put a much needed emphasis on the role of collaterals in access related steal [26].
Much like Schanzer, Sessa located the inflow of the bypass 5-7 cm proximal to the fistula and
the outflow immediately distal to the fistula. Sessa reports that once an AVF is in place typically
peripheral vasodilatation and collaterals can compensate for vascular steal. Additionally, the
installment of the AVF often stimulates collateral creation. Through this study, Sessa found that
the direction of blood flow is dependent on the pressure gradient between the artery proximal to
the AVF, the AVF, and the peripheral runoff and collateral network. It was stated that collaterals
near the AVF worsened steal and collaterals located farther away from the AVF prevented steal.
Due to the vast assortment of collateral anatomy amongst different patients it can therefore not
be concluded that collaterals play a role in preventing or aiding steal. Sessa also emphasizes the
importance of the placement of the proximal end of the bypass, stating that retrograde flow can
occur if the proximal bypass is too far away from the origin of the fistula. Additionally, this
DRIL bypass becomes relatively useless if its resistance exceeds that of the collaterals.
A paper produced in 2005 by Dr. Karl Illig of the University of Rochester Medical
Center, was a primary driver of the current research [27]. Illig’s study was an experimental
investigation of nine patients that looked at flows and pressures before and after DRIL. Illig
argues that a DRIL bypass creates higher pressure in the distal limb by increased resistance in the
fistula path. This resistance, he states, is created by the brachial artery segment between the
proximal anastomosis and the AV fistula. Illig also suggest that when the DRIL procedure is
broken down topologically, it is the same geometric flow as the actual anatomy with an AVF in
place as seen in the Figure 13 below. The left diagram shows the original AVF and the right
shows the arm following DRIL.
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Figure 13- Original AVF (left) and DRIL procedure (right) shown in the actual and topologic form [27]

Illig also documents several points before and after the DRIL procedure regarding flow and
pressures in an attempt to more thoroughly understand the DRIL procedure from a hemodynamic
prospective. It was hypothesized that an improvement in hand perfusion following the DRIL
procedure is due to high pressure at a point at which blood flow splits allowing antegrate flow
down the new bypass to the lower pressure forearm. Using Poiseuille’s Law (R = ∆P/Q), it was
also found that in the proximal portion of the brachial artery (proximal to the AVF) that mean
resistance was 0.121 ± 0.064 mmHg-min/mL. Figure 14 below gives a schematic of systolic
pressures at each point in the arm which produced a significantly different pressure reading
before and after DRIL. Illig challenged the DRIL procedure suggesting that it is unclear from a
hemodynamic prospective as to why this procedure works.

Figure 14- Schematic of average systolic pressures before and after DRIL procedure [27]
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Minion, in 2005, proposed several methods to correct for steal including fistula
lengthening, banding, DRIL and RUDI (revision using distal inflow) [21]. As shown in the
Figure 15 below, the RUDI technique lengthens the fistula and decreases the radius causing
antegrade flow in the distal brachial artery. Additionally, ligation of the original fistula access
point and using a more distal artery as inflow improves the flow to the digits significantly. An
increase in finger pressure of 39, 32 and 62 mmHg was found after RUDI.
Brachial Artery
AVF
DRIL

Figure 15-The native circulation with an AVF adapted for DRIL and RUDI [21]

Minion states that, anatomically, DRIL acts to lengthen the fistula and improve collateral
circulation to the hand. However, according to Minion, ligation of the artery just distal to the
AVF is essential to prevent retrograde flow. Ultimately Minion proclaims that both DRIL and
RUDI follow the basics of Poiseuille’s law in Equation (13).
∆ 

8μ!

(13)

Decreased flow, Q, is a result of a decreased radius, r, or an increased length, L. Both
procedures, as described by Minion, attempt to alter the current flow pattern by effecting either
length or radius. However, Minion states:
“Further experience may help better define the added length necessary to ensure success.”
Hubbard, in 2010, provided a non-invasive protocol to assess flows following the DRIL
procedure [28]. A typical functioning access has an average volumetric flow rate between 600
and 800 mL/min. A volume flow less than 400 to 500 mL/min is considered poorly functioning
and is likely to develop thrombosis in the short-term. Figure 16, taken from Hubbard shows the
digit systolic pressures following a successful DRIL process. To test the improvement in distal
pressures, Hubbard compressed the AVF and as shown, Hubbard also reported digit systolic
pressures show little change upon access compression indicating a successful DRIL procedure.
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Figure 16- Digit systolic pressures following a successful DRIL procedure [28].

2.8

Current Models
Two main models have been made to attempt to describe the hemodynamics of the arm

vasculature with an AVF and DRIL bypass. The first is the Wixon model which is an electrically
equivalent circuit to the arm flow loop [29]. Figure 17 shows the anatomical (A) and electrical
(B) representations of the DRIL procedure and provides an in depth look at the collaterals’ role
in DRIL mechanism.

Figure 17- Anatomical (A) and electrical (B) representations of the DRIL procedure [29]

Wixon describes how the direction of flow distal to the fistula in the artery depend on the
resistance of the proximal artery, the arterial collaterals, the fistula and peripheral vascular bed.
This model predicts that increased capillary bed vascular resistance leads to arterial steal and an
increased fistula resistance leads to antegrade flow.
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This model is successful as it can account for pulsatile flow and arterial collateral flow. It
is also the most in depth and complete electrically equivalent circuit of the arterial system in the
arm. This model, however, does not take into consideration the capacitance of any vessels and
neglects the venous circulation.
Zanow et al successfully created a physical model of the arm vasculature in a pulsatile
flow loop [30]. This model, in addition to having an AVF, is adaptable to two different
procedures to correct for access related ischemia, DRIL and PAI (proximalization of arterial
inflow). Zanow described a silicon model of the arm put into a pulsatile flow circuit to study and
compare the hemodynamics of these two ischemia corrective procedures. Figure 18 below shows
the completed silicon cast created by Zanow.

Figure 18- Physical model adaptable to AVF and DRIL made of silicon and cast using a low melting point
alloy. Px and Qx refer to the pressure and flow measurements at different physical locations [30].

It was found that the more proximal the AVF the higher the distal arterial pressure.
Additionally a lower fistula flow meant a higher distal perfusion. Interval ligation alone of the
brachial artery distal to the AVF led only to slight improvements in distal perfusion. The DRIL
procedure without interval ligation improved distal limb pressure 80% and flow 67%. The DRIL
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procedure with interval ligation improved limb pressure 98% and flow 85%. And finally, PAI
improved limb pressure 93% and flow 78%.
Overall it was found that a more proximal location of the AVF arterial anastomosis lead
to the highest increase in distal perfusion. Also, AVF banding and ligation lead to marginal
improvements of distal perfusion.
This model is successfully represents actual flows and pressures in many ways. The
vasculature was hand modeled using a low melting point alloy and the bifurcations between
different vessels are smooth and seamless and is constantly narrowing. Zanow did an impressive
job simulating what happens in the arm physiologically and closely matched the anatomical
structure of the arteries. Additionally, this model accounts for outflow into tissues and collateral
flow. Also, the DRIL and AVF have easily interchangeable lengths and the model is durable and
can be connected to a pulsatile flow loop.
This model, however, has several limitations. The capillary bed is simplified to a single
controllable resistance neglecting any compliance that may be present in the capillary bed. Once
this model was cast it is difficult to make adjustable positions of the AVF and DRIL bypass and
to model the compliance of the vessels due to the rigidity of the silicon. Also, once a silicon
model is made it is difficult to measure flows internal to the structure. Finally, Zanow does not
account for the venous circulation.
To improve this model a method to account for the compliance of the arteries and veins
must be established and flows within the model should be taken at all crucial points.
2.9

Motivation
One goal of this research is to explore the claims in the literature previously outlined.

Lazaride suggested that predisposing factors such as age and health may lead to steal [19]. Illig,
Sessa and Hubbard reported improvements in distal perfusion with specified pressures and flows
[27], [26], [28]. Korzets and Sessa affirmed that collaterals play a significant role in aiding and
preventing steal [24], [26]. Gradman and Wixon showed that the arm flow could be modeled
accurately with an electrically equivalent circuit [25], [29]. Both Minion and Zanow found that
treatments other than DRIL are more effective in preventing steal while Zanow was successful in
building a physical model of the arm vasculature [21], [30]. In addition to challenging and
affirming or refuting these claims, areas which need additional testing and research upon
completion of the physical model are:
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•

The importance of modeling the compliance of the vessels

•

The importance of compliance of the hand capillary bed

•

The ideal position of AVF to reduce the effects of steal

•

The size (diameter and length)of AVF which results in steal physiology

•

The pressures and flows at each section of tubing

•

The resistances of each section of tubing

•

How changes in systemic pressures and effect AVF hemodynamics

•

How the pressures and flows systemically and in the AVF change with the addition of the
DRIL bypass

•

The hemodynamic effect of interval ligation (IL) in the DRIL procedure

•

The effect of collateral flow on AVF/steal hemodynamics

Overall, it is the aspiration that this research will be a comprehensive and thorough
exploration of the blood flow in the arm, the AVF, and the DRIL bypass procedure and will
attempt to answer the question:

In what ways can steal be prevented?

Although the DRIL procedure has been widely accepted as an effective method to treat the
symptoms of steal, the flow mechanisms and reasoning behind its success is not well understood.
This thesis research will attempt to explain this procedure in terms of fluid mechanics.
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3

Methods
The following methods section outlines the specific components of the physical model, the

tests performed and the instrumentation used. Also included in this section is the mathematical
model and the experimental setup encompassing its analysis.
3.1

Overview
Currently, the anatomy of the applicable arteries and veins within the arm are fully

understood. Further research into the physiology of those vessels is still being conducted.
Additionally, and as seen in Appendix A, (compiled from literature review), pressures and flows
in the system have been established as guidelines to build and operate the physical model. These
numbers are meant to guide the physical model and establish areas, which upon construction of
the physical model, need to be more fully understood.
The problem was dissected in two ways, experimentally and analytically. To test the
problem experimentally, a physical model was constructed using Tygon tubing of a similar
compliance to that of blood vessels in vivo. The lengths and radii were chosen based on a
literature search and therefore mimicked the resistances of actual blood vessels. The native
circulation was first built and tested. An arteriovenous fistula was then placed in the model and
also tested. For the final test setup, the DRIL procedure was placed in the model and tested. The
following methods section describes, in detail, the tests performed.
Three different analytical approaches were taken, an exploration of the existing resistance
theories, a CFD model and an electrically equivalent mathematical model were all tested against
the experimental model. First, the experimentally calculated resistances were compared to
existing analytical theories. Poiseuille’s Law and Womersley’s Impedance Method were applied
to the existing system and the validity of these theories was analyzed. Furthermore, a CFD model
was constructed of the AVF and brachial artery bifurcation. The fundamentals of AVF
altercations (adjusting the diameter and outlet pressure) were altered until the threshold at which
antegrade flow became apparent. The final approach was an adaptation of an existing
mathematical model which used electrically equivalent components to match the vessel
resistances and capacitance using electrical resistors and capacitors.
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The combination of the physical model and the analytical approaches lead to a thorough
investigation of the arm vasculature, arteriovenous fistula and distal revascularization and
interval ligation. If nothing else, this research has laid the groundwork for complete and thorough
understanding of the hemodynamics of the arm vasculature.
3.2

Complete Physical Arm Model of the Vascuature
The physical model built using the tubing and connectors chosen above is shown in Figure

19. Lengths and diameters of these vessels were chosen after a literature search. Appendix B
shows the compilation of several papers leading to the final dimensions of the physical model.
As discussed previously, the physical model has been built using tubing with comparable
resistances and compliances to that of native vessels. Pressures at each junction can be taken and
flows at each section of tubing can be analyzed in attempt to fully characterize this flow loop.
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Vena Cava

Aorta

1/2” PROX
Vein
Subclavian

1/4” PROX Vein
Axillary

1st PROX Brachial

1/4” DIST
Vein

2nd PROX Brachial

Collateral

1st DIST
Brachial

1/8” DIST
Vein

2nd DIST Brachial
1st Radial
Ulnar
2nd Radial
Hand Compliance

Figure 19- The model of the native circulation with the hand compliance chamber in-line with the flow. In the
diagram, red arrows indicate arterial
erial blood flow (left side) and blue arrow indicate venous blood flow (right
side). Additionally, each junction is tapped with non
non-compliant
compliant tubing so that pressure measurements can be
taken.

Nicole A. Varble

35

The model is easily adaptable for an AVF and DRIL procedure. The final design can be seen
below in Figure 20.

AV
DRIL
Ligation

Figure 20- The model adapted for an AVF and DRIL bypass. Again, the red arrows represent the arterial
flow (left side) and the blue arrows represent the venous side (right side). The site of interval ligation is
indicated at the 1st distal brachial artery. This model also has the hand
and compliance chamber shown in-line
in
with the flow.

The arm model was placed into a flow loop known as the Hemodynamic Simulator developed by
one of Rochester Institute of Technology’s Senior Design G
Groups [31].
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3.2.1

Arm Vasculature
The goal of this research was to investigate the hemodynamics of a complete

arteriovenous model of the arm vasculature. To do so, the physical model was created and
intersected into the Hemodynamic Simulator (to be discussed later in this section). The two
primary features of the arm vasculature model are the tubing and the pressure connectors. The
tubing was selected based the ability to mimic the physiological compliance of arteries and veins
in vivo as well as several other features. The plastic connectors were outfitted with pressure taps
to ensure that pressure measurements could be taken at each junction and bifurcation of the
tubing. Below describes the method of which the tubing was selected and the pressure taps were
fabricated.
3.2.1.1

Tubing Selection for the Arterial and Venous Vessels
Tubing was selected on several parameters including flexibility, adaptability to barbed

fittings, similarity of compliance compared to human arteries, similarity of compliance as
compared to human veins, circular in nature, and optically clear. Twelve tubes were tested for
static compliance and the tubing that most resembled the compliance of the artery and that of the
vein were used to model the vasculature of the arm.
The tested tubing:
•

4 samples of Tygon PVC tubing

•

3 samples of silicon tubing

•

2 samples of latex tubing

•

2 samples of polyurethane tubing

The primary criterion for selecting tubing was the compliance. Samples were cut to 30 cm
length, filled completely with water and connected to a pressure transducer. The pressure
transducer was bled so the entire test loop was filled with water. A syringe connected to the 3way Luer Lock was used to put a controlled increase in volume into the tube. The resulting
increase in pressure was recorded.
The static compliance of a vessel is defined using the relationship as described in Equation
(14) below:
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Where C is compliance, ∆V is the change in volume in mL or mm3, and ∆P is the change
in pressure recorded in mmHg. Compliance can be calculated mL/mmHg, mm3/mmHg, or by
dividing by the length of the sample (30 cm) in mm2/mmHg. Finding the cross-sectional
compliance, however, does not account for length change which is assumed to be negligible.
After a literature search, compliance of arteries and veins can be defined as below in Table 2[32].
The veins are assumed to be 3 times the compliance of arteries [33].

Table 2- Actual physiologic compliance of arteries and veins

Artery
Vein

Actual Compliance
mL/mmHg mm3/mmHg mm2/mmHg
0.00121
1.21
0.004033
0.0036
3.63
0.0121

After the change in pressure was recorded with a known volume change, the percentage
difference of each of the tubes in relation to the actual compliance levels of arteries and veins
was calculated. Table 3 summarizes the percentage differences in the found compliances
compared to actual compliances. As shown, T3, or Tygon PVC tubing type 3, is the most
comparable to arteries, and T1, or Tygon PVC tubing type 1 most resembles veins.

Table 3- Percentage difference from physiologic artery and vein compliance

Material
T1
T2
T3
T4
S0
S0-2
S6
S7
S10
L8
L9
P11
P12
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Artery
% diff
250.74%
43.80%
1.64%
47.82%
93.58%
101.04%
14.21%
44.43%
15.68%
286.89%
449.88%
23.86%
69.57%

Vein
% diff
16.91%
52.07%
66.12%
82.61%
35.47%
32.99%
61.93%
81.48%
71.89%
28.96%
83.29%
74.62%
89.86%
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The tubing therefore chosen for the arterial side of the physical model is T3, and for the
venous side, T1. The arterial tubing has a durometer measurement of 65A (Soft) and a tensile
strength of 2,100 psi. The venous tubing has a durometer measurement of 40A (Very Soft), a
tensile strength of 1,200 psi and is made per Tygon formulation R-1000 [34].
Additionally, Figure 21 below shows the experimental results for the Tygon tubing
compliance testing. The more horizontal the pressure/volume curve is, the less compliant the
tubing is shown to be suggesting that with the same amount of pressure applied to the tubing, the
less that the volume will change.

Figure 21- Tygon tubing compliance test results. The more horizontal the curve the less compliant (or stiffer)
the tubing is. T3 was chosen to model the arterial side and T1 was chosen to model the venous side.

The final tubing selection based on the compliance testing is shown in Table 4 below.
Table 4- Tubing Bill of Materials

Part
1" T3 Tygon Tubing
1/2" T3 Tygon Tubing
1/4" T3 Tygon Tubing
1/8" T3 Tygon Tubing
1/2" T1 Tygon Tubing
1/4" T1 Tygon Tubing
1/8" T1 Tygon Tubing

ID
1"
1/2"
1/4"
1/8"
1/2"
1/4"
1/8"

OD
1-1/4"
5/8"
3/8"
3/16"
5/8"
3/8"
1/4"

Company
McMaster
McMaster
McMaster
McMaster
McMaster
McMaster
McMaster

Part #
5553k51
5553k18
5553k13
5553k24
5894k19
5894k14
5894k12

3.2.1.2 Connectors
One of the primary goals when building the model was to have the ability to take pressure
measurements at each intersection and bifurcation of the model. To do so, polycarbonate barbed

Nicole A. Varble

39

fittings were fabricated to accommodate for non-compliant tubing connected to a leur lock
stopcock assembly. The stopcock assembly also allowed for easy adaptation to the pressure
transducers which have female leur lock adapter. Figure 22 below shows a schematic of a
modified connector.

Non- compliant tubing
access (not to scale)

Figure 22- Drawing taken from McMaster Carr and adapted to show non-compliant leur lock assembly
tubing access [34].

To fabricate the pressure tap holes a small mark was placed on the approximate center of
the barbed connector. Using a drill press, a 0.075” hole was used as a guide hole. Then 0.104”
hole was drilled to the center of the connector. Because of the awkward geometries of some of
the connectors, it was necessary to hold them using one’s hand instead of clamping then in a
vise. This also prevented the connectors from being damaged. Figure 23 shows the final
assembled connectors complete with pressure taps.

Figure 23- The brachial- collateral bifurcation, adapted with a pressure tap (left). The brachial- AVF
bifurcation adapted with a pressure tap and shown with the leur lock assembly (right).

The final necessary connectors used in the model are listed below in Table 5. All
connectors with the exception of the check valve were adapted with pressure taps.
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Table 5- Tubing connectors bill of materials

Part Description

Size

Company

Part #

Barbed Reducing Tee

1" x 1" x 1/2"

dripworksusa

BRT112

Reducing Coupler

1/2" x 1/4"

McMaster

2974K267

Reducing Tee

1/4" x 1/4" x 1/8"

McMaster

5117k33

1/4” Wye

1/4"

McMaster

5117k97

Reducing Wye connector

1/8" x 1/8" x 1/4"

Cole- Parmer

EW-3072651

1/8” Wye
Check Valve Reducer
Resistance Valve
Leur Stopcock Assembly

1/8"
1/8" x 1/4"
1"
-

McMaster
5117k67
Ark- Plastics AP19CV012R25NN
McMaster
5209k49
Cole- Parmer
EW- 3052604

Pressure taps were glued into the connectors by first loosely attaching the connectors
using Loctite ® super glue with a ten second cure time. After a 15 minute drying period, a clear
flexible adhesive, Loctite ® for vinyl, fabric and plastics, was used. Other epoxies were found to
crack and leak. Because of the pressure tap tubing was moved and bent often, a flexible adhesive
was found to be the best solution.
3.2.1.3 Hand Compliance Chamber
To address the issue of venous waveform damping a compliance chamber was made.
Many solutions were discussed including a sponge bed to simulate the vast array of small
capillaries by which the fluid would travel through in order to get to the venous side. Ultimately
several parameters had to be considered such as the capillary bed’s extremely high resistance due
to its narrow vessels and controllability.
Much like the compliance chambers of the Hemodynamic Simulator, the hand
compliance chamber has a pressurized column of air above a specified depth of liquid. The air
can be pressurized by a sphygmomanometer (blood pressure cuff) bulb and tubing. The most
adequate setup for placing the hand compliance chamber was determined in the first set of tests.

Table 6 below gives the required materials to construct the hand compliance chamber.
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Table 6- Hand compliance chamber bill of materials

Part
Barbed Tee
Male Barbed Adapter
Thru Wall Barbed adapter
PETG Tube
PETG Sheets
Sphygmomanometer

3.3

Size
1/8"
1/8"
5/32"
1-1/2"
12" x 12" x 3/16"
-

Company
McMaster
McMaster
McMaster
McMaster
McMaster
Uniquelyuniforms

Part #
5121k731
2974k124
2974k811
9245k45
85815k15
**

Hemodynamic Simulator
The current Hemodynamic Simulator was developed by Rochester Institute of

Technology’s (RIT) multidisciplinary senior design (MSD) group number P09026 as a
continuation of RIT’s MSD group number P08026. The goal of the project was to create a
portable, flow loop which was able to “reproduce hemodynamic flows and pressures associated
with a circulatory system [35].” Below in Figure 24, a schematic is shown of the Hemodynamic
Simulator developed by the MSD team in 2008. As per its goal, the apparatus is capable of
producing physiologic pressure and flow waveforms.

Figure 24- Schematic of RIT MSD P09026 Hemodynamic Simulator (image created to Matthew DeCapua)
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A THK linear actuator model number VLA-ST-60-12-0250, driven by a Yaskawa SigmaV Series Servo Motor was used by the team as a pumping mechanism to pressurize the buffer
chamber. It was determined that a minimum travel of 200 mm and a force of 18 lbs was required
by the linear actuator in order to produce an adequate stroke volume of 70 mL. Additionally, to
obtain a physiologic heart rate the actuator was required to travel at a minimum speed of 500
mm/s. The linear actuator chosen has a maximum travel of 250 mm, a maximum output of 45 lbs
and a maximum velocity of 1000 mm/s. The 100W motor is capable of outputting a torque of
1.15 N/m [35].

Figure 25- THK Linear Actuator (left) and the Yaskawa Sigma- V Servo Motor of MSD P09026
Hemodynamic Simulator [36] [37].

Additional features of the Hemodynamic Simulator include an aortic (afterload)
compliance chamber and a preload compliance chamber. The aortic compliance chamber is a
3.75 inch diameter (ID) and 10 inch tall was filled with 6 inches of water topped with 4 inches of
air. It was determined by the MSD team that these values were comparable to the compliance of
the aorta. The arterial reservoir (preload compliance chamber) is a much larger compliance
chamber with 5.75 diameter (ID) and 16 inches in height. It was filled with 7 inches of water
with 9 inches of air for buffering. This chamber purpose is to mimic the venous compliance. The
air on both of these chambers can be pressurized by a sphygmomanometer bulb. The resulting
pressure can be read from the sphygmomanometer pressure gauge.
The final two features of the Hemodynamic Simulator are the ventricular chamber and
the valve viewing chamber. The ventricular chamber’s geometry is conducive to several
ultrasound heart valve studies being performed by Dr. Karl Schwarz of the University of
Rochester’s Medical Center. Within the ventricular chamber is the first of two artificial valves.
Fluid flows through a rigid low pressure inflow pipe, is charged by the incoming pressurized and
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pulsatile fluid of the buffer chamber (driven by the linear actuator) and then moves into the valve
viewing chamber. The valve viewing chamber contains a second valve akin to the aortic valve.
Improvements that have been made since the MSD team P09026first constructed the
original Hemodynamic Simulator include a defector shield in the preload compliance chamber
and a stand for the after load compliance chamber. The parallel inlet and outlets in the original
design of the preload compliance chamber is now interrupted by a thin sheet of acrylic so that the
fluid has to now pass under or around and cannot travel directly from inlet to outlet. The diastolic
pressure in the original design did not quite reach physiologic norms. However, when the after
load compliance chamber was raised by approximately 8 inches, this problem was improved.
The arm model was placed between the after load and preload compliance chambers
because this section of tubing is considered the aorta stemming from the heart (ventricular
chamber). Additionally, the preload compliance chamber is said to mimic the venous compliance
and thus is located distal to the arm model.
3.4

Tests and Objectives
A series of tests outlined below will act as a list of objectives to progress and fulfill the

research goals. Although pressures will be taken at each connection and flows will be taken at
each section of tubing, throughout the three sets of tests, a special note will be made of the distal
pressure and flow. Additionally, to most accurately represent the viscosity of blood (a major
contributor to resistance within the model and thus pressure waveforms a glycerin water mixture
of approximately 40/60 percent will be utilized [38][39][40].
3.5

Experimental Configuration
The experimental procedures associated with this research were conducted using a physical

model built with polyethylene tubing with resistances and compliances comparable to that of
native human blood vessels. A native circulation model was initially built, including the venous
vasculature, which provided a performance baseline. An emphasis was placed on creating a
system with physiologic pressures in the arterial and venous vasculature, where the average
pressure was dampened to a value of approximately 20 mmHg. Once the model was shown to
adequetly represent native blood circulatory characteristics, it was adapted to include a simulated
arterial-venous fistula (AVF).

Nicole A. Varble

44

Observations of pressures and flows led to a prediction of modes to alter the effects of steal
such as altering the position and size of the AVF to vary resistances in the model and thus flows
and pressures. Finally, the model was adapted to Distal Revascularization and Interval Ligation
(DRIL) procedure. From this series of tests it was observed how DRIL contributes to decreasing
the effects of access related steal by eliminating or altering contributing factors.
3.6

Native Circulation
The first set of tests, A, were that of the native circulation and tested the compliance

chamber setup, as well as prepared a baseline for additional experiments including the AVF and
DRIL. This included establishing the servo motor settings for the hypertensive cases and with the
working fluid being the glycerin/water mix. Table 7 below outlines the tests which were done
with the native circulation geometry. A detailed description of each test can be found in
Appendix C.
Table 7- Set of tests done on native circulation geometry

Tests

Variable Factor

A1-A3

Compliance Chamber

A4-A7

Collateral, BP

A8-A11

Collateral, BP, Working Fluid

These series of tests were established to define a setup which most accurately represents
physilogical waveforms of the blood flow in the arm. More specifically, which compliance
champer setup most accurately dampens the venous pressure waveform. The test setups include,
a compliance chamber connected to the circulatory system via a side steam (perpendicular to
flow), no compliance chamber, and a compliance chamber inline to flow. All compliance
chambers allow for controlled reisistance at the hand capillary bed. The hypertensive settings
were established as well as the circulation with and without collateral.
3.6.1

Compliance Chamber Setup
Three possible variations existed, a compliance chamber in-line of flow, a compliance

chamber oriented perpendicular (side stream) to flow, and no compliance chamber. A schematic
diagram of the three different compliance chamber set up is shown in Figure 26, Figure 27, and
Figure 28.
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Side View
Top View

Arterial Flow

Venous Flow

Compliance Chamber

Figure 26- A top (left) and side (right) view of in-line flow compliance chamber.. The red arrow represents
inflow from the arterial side and the blue represents the outflow to the venous side. The purple connectors
depict the actual setup. Not to scale.

Arterial Flow

Top View

Venous Flow

Compliance Chamber
Figure 27- A top view of the side stream flow compliance chamber. The red arrow represents inflow from the
arterial side and the blue represents the outflow to the venous side. Not to scale.

Arterial Flow

Venous Flow

Figure 28- A schematic of the flow with no compliance chamber. A pu
purple
rple connector is shown in place to
represent the different types of tubing used for the arterial (low compliance) and venous (high compliance)
portions of the circulation.

In each of the three cases, an arterial collateral flow was present and blood pressure
pres
was
considered normal (approximately 120/65 mmHg). Also, the working fluid was water, making
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the assumption that the results would remain the same with the water/glycerin mixture. Although
the diastolic pressure was almost reached (average of approximately 65 mmHg), it was
determined that the model was still functioning adequately. All mean venous pressures were
approximately 24 mmHg, comparable to that measured in vivo.
3.6.2

Hypertensive Settings
In order to produce hypertensive characteristics based upon an increased cardiac output

(CO) the Servo motor settings were adjusted. Several tests with the AVF in place were redone in
order to create more realistic hypertension seen in patients in need of hemodialysis. As stated
previously, the primary cause of persistence hypertension is high peripheral vascular resistance
(PVR). High PVR can be created by a decrease in elasticity or compliance of the arteries and
veins.
High PVR can be modeled by increasing the resistance valve at the top of the
arteriovenous arm model shown in Figure 29. The aortic flow was monitored and kept constant
to that of the normotensive case, while the only altering being done was to the resistance valve.
In previous cases, when the JOG distance and speed were both increased, a high blood pressure
reading was seen. However, the aortic flow also increased, showing that by altering the pump
actions an effective increase in cardiac output also occurred. Although increased cardiac output
does still result in elevated blood pressure, it is not typical of patients in need of an AVF.

Figure 29- Gate valve located at the top of the arteriovenous model. Peripheral vascular resistance can be
increased by closing the gate valve.

For the normotensive case heart rate was 62 bpm (beats per minute) where as the
hypertensive setting with increased cardiac output heart rate was 61 bpm. Hypertension
simulated with high peripheral resistance also yielded a heart rate of 62 bpm. Table 8 shows the
Servo motor settings for all three cases as well as the resulting systolic and diastolic blood
pressures and the cardiac output.
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Table 8- Servo motor settings for normotensive and hypertensive cases and the resulting blood pressure and
cardiac output for each case.

Nomotensive

Hypertensive

Hypertensive

(PVR)

(CO)

Servo Distance

700,000

900,000

Servo Speed

5,000

6,000

Servo Acc/ Decel time

100

100

Servo Wait time

300

300

Systolic/Diastolic BP (mmHg)

121/56

146/76

148/69

Cardiac Output (L/min)

4.17

4.12

4.72

3.6.3

Fluid
As discussed in the introduction, a major contributor to the resistance of a vessel is the

viscosity of the fluid. In both Poiseulle’s Law and Womersley’s inductance theory, the viscosity
is proportional to the resistance, that is, if the viscosity were to double, the resistance would also
double.
Although blood is a non-Newtonian fluid, matching the viscosity of blood using a
Newtonian fluid would be appropriate considering that the arterial side will be the main focus of
the study. Viscosity of blood is 3.5 centipoise according to Mann and Hochareon [39] [41]. The
study composed by Mann et al. found that a glycerin/water mixture was an adequate substitute
for blood with a matching viscosity of 3.5 centipoise [39]. A 40/60 percent mixture of pure
glycerin and distilled water was tested with a calibrated Cannon Size 50 and a Size 100
viscometer. This mixture yields a viscosity 3.43 centipoise with a 1.5% confidence interval on
the viscometer.
The glycerin/water mix is the primary working fluid in the model. Although clean up is a
labor intensive process, using this fluid will present a more concrete representation of the system
and will eliminate the need to match Reynolds number by altering flows, pressure, diameters and
lengths of the model if water was used as the working fluid. A 40/60 mixture of glycerin/water
was made with 2 liters of 99.9% vegetable based glycerin from Chemicals Direct and 3 liters of
distilled water from RIT’s Science building distilled water taps (Building 8).
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3.7

Native Circulation with AVF
The second set of tests, B, was of the circulation when the fistula was in place. Tests

included, altering the AVF flow from 100% flow to less than 25% flow, moving the AVF 3.5”
proximal and 3.5” distal, and lengthening the fistula for two different diameter fistulas. Table 9
below shows the tests done with the AVF. All tests were done under both normal and
hypertensive settings and all tests were done with and without collateral flow. A detailed
description of the tests done with the AVF in place can be found in Appendix C.
.
Table 9- Set of tests done on geometry with AVF

Tests

Variable Factor

B1-B20

AVF Flow, Collateral, BP

B21-B28

AVF Position, Collateral, BP

B29-B40

AVF Length, Collateral, BP (large diameter)

B41-65

AVF Length (small diameter)

Once the most accurate native ciruclation test setup was established, the model was adapted
to model the placement of an AVF. To ensure the AVF test setup was working properly, the flow
through the fistula was maintained at approximately 600 mL/min. It was anticipeted that by
evaluating this configuration it would be possible to determine which points and segments in the
arm vasculature contribute to steal. Additionally, these contributing factors could be ranked
according to the magnitude of their contribution to steal. Observations of pressures and flows
then lead to a prediction of modes to alter the effects of steal. By hypothesizing modes to alter
resistances within the model, the DRIL procedure was able to be more fully understood.
3.7.1

Hypertensive Settings
As described above in the Native Circulation section, hypertensive settings with

increased cardiac output will be dictated by adjusting the settings on the servo motor.
Adjustment of the gate valve will increase the peripheral vascular resistance.
3.7.2

Eliminating Collateral Flow
A primary objective of this thesis study was to uncover the importance of collateral flow.

This was done by comparing the three physical model scenarios (the native circulation, the
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circulation with an AVF, and the circulation with both the AVF and DRIL) with and without
collateral for every case. In nearly all cases, with the collateral flow open, data would be
collected from four pressure transducers simultaneously, the collateral would then be clamped
off with two hemostats, the system would allow to settle, and a second set of data for the same
four pressure transducers would be taken. This process would occur while the pump was still
running and would allow for two tests to be done quickly together.
3.7.3

Adjusting AVF Flow
Another goal of this research was to discover how distal flows and pressures were

affected by altering the flow through both the AVF. This was done using a resistance clamp
placed directly on the outside of the model tubing. The clamp was placed at the entrance of the
AVF with the flow probe placed a sufficient distance downstream. The desired flow would be
predetermined based on the magnitude of flow traveling through the vessel when it was fully
open (considered 100% flow). The clamp was then progressively clamped until 75%, 50%, 25%
and less than 25% of total AVF flow was allowed to pass through the vessel.
3.7.4

Adjusting AVF Diameter
Three parameters were varied to gain insight into what parameters ultimately affect the

flow and pressure in the hand; diameter, length and position. The first set of tests which altered
the AVF geometry was the altercations to the fistula diameter. For the three cases, as shown in
Table 10 below, the fistula was placed at the nominal position (between the second proximal and
first distal brachial arteries), and the fistula length was kept at the nominal length (7.5”).
Table 10- Independent Study: Variations of Fistula Diameter

ID of Fistula

3.7.5

1/4” *

6.35 mm*

1/8”

3.18 mm

1/16”

1.59 mm

Adjusting AVF Position
To tests the effects of the position of the AVF, three positions were chosen along the

brachial artery. The nominal position lies between the 2nd proximal brachial artery and the 1st
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distal brachial artery. The proximal position lies between the 1st and 2nd proximal brachial
arteries and the distal position lies between the 1st and 2nd distal brachial arteries. Below in
Figure 30,, a labeled schematic of the three AVF positions is shown. All three positions
intersected the venous circulation at the nominal position. Each position is approximately 3.5
inches apart. A third position was tested as a part of an independent study where the fistula
bifurcated the ulnar artery.

1st PROX Brachial
Proximal Position

2nd PROX Brachial
Nominal Position

1st DIST Brachial Artery
Distal Position

2nd DIST Brachial Artery

Figure 30- Schematic of the three AVF positions along the brachial artery. Shown in the middle is the
nominal position, the top is the proximal position and the bottom is the distal posi
position.
tion. The red and blue
arrows indicate arterial and venous flow respectively.

3.7.6

Adjusting AVF Length
The effect of AVF length was analyzed using two different diameter fistulas over several

lengths of tubing. Lengths of 1.5” (3.8 cm) to 11.5” (29.2 cm) we
were
re tested. The nominal length is
considered to be 7.5” (19 cm).
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In order to eliminate the notion that fistula length has no effect on resistance, a large
array of fistula lengths were tested outside the clinically applicable range. The clinically
applicable range for this study was considered lengths under 12 inches (30.5 cm). Fistula lengths
from 12 inches (30.5 cm) to 36 inches (91.4 cm) were tested with 3.175 mm ID tubing. For the
3.175 mm inner diameter fistula three different reducing connectors were tested. The first set of
tests used a barbed fitting wye reducer as shown below in Figure 31 a detailed drawing can be
found in Appendix D. Flow was only allowed through one ⅛” outlet.

Figure 31- Reducing Y barbed tubing connector from Cole- Parmer from ¼” to two ⅛" outlets.

The second set of tests was also done with barbed fitting, but this time, a straight reducer
was used. Figure 32 shows the barbed tubing reducing coupling from McMaster-Carr. The
detailed drawing can be found in Appendix D.

Figure 32- Straight reducing barbed tubing connector from McMaster- Carr. The connector reduced from
¼” to ⅛" inner diameter tubing and was used in the second set of tests.

The third set of length tests performed with a 3.175 mm (⅛”) inner diameter fistula was
conducted with a custom crafted tapered connector. Over 1 inch, using a tapered drill bit, a ¼” to
⅛” channel was created. This was to create a seamless transition between the larger diameter
vessel of the brachial artery to the smaller diameter of the fistula. On each end, a bore was cut
into the acrylic with the same outer diameter of the tubing to be inserted into each end. Figure 33
below shows a cut-away image of the custom made tapered connector. A detailed drawing can be
seen in Appendix D.
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Figure 33- The third set of length tests were done with a custom built connector built out of acrylic which
allowed for a seamless transition between 1/4" to 1/8" inner diameter tubing.

A final set of experiments isolated the fistula by eliminating the distal portion of the flow
circuit. The distal brachial artery and the distal venous return were both clamped off with
hemostats so flow was diverted directly into the fistula from the proximal brachial artery. The
complete flow loop began at the Hemodynamic Simulator with the aorta, subclavian, axillary,
and proximal brachial artery on the arterial side. The flow then traveled through the AVF, to the
proximal venous return, the vena cava, and back to the Hemodynamic Simulator.
3.8

Native Circulation with AVF and DRIL
The final set of tests, C, were of the circulation when the fistula and DRIL bypass were in

place. Tests included, the DRIL bypass with and without interval ligation, occlusion of the DRIL
bypass, occlusion of the AVF and DRIL bypass, altering the DRIL flow from 100% flow to less
than 25% flow, both with and without interval ligation. All tests were done under both normal
and hypertensive settings and all tests were done with and without collateral flow.

Table 11 outlines the tests done with a DRIL bypass in place. Again, a detailed
description of the tests done with the DRIL bypass in place can be found in Appendix C.

Table 11- Set of tests done on geometry with AVF and DRIL
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Tests

Variable Factor

C1-C8

Interval Ligation, Collateral, BP

C9-C12

DRIL occluded, Collateral, BP

C13-C16

DRIL and AVF occluded, Collateral, BP

C17-C56

DRIL flow, Collateral, BP, IL

53

After the model is adapted for an AVF, it can then be adapted for the DRIL procedure.
From this series of tests it can be predicted and observed how DRIL contributes to decreasing the
effects of acess related steal.
3.8.1

Interval Ligation
When the process of interval ligation was performed, much like eliminating collateral

flow, a hemostat was placed on the vessel to hinder flow from passing through it. The 1st Distal
Brachial was the vessel which was ligated. This vessel lies distal of the arterial insertion of the
AVF and proximal to the DRIL bypass reinsertion.
3.8.2

Adjusting DRIL Flow
Much like when the AVF flow was adjusted, a resistance clamp placed directly on the

outside of the DRIL tubing was used to progressively clamp off more flow. The clamp was
placed at the entrance of the DRIL with the flow probe placed a sufficient distance downstream.
The desired flow would be predetermined based on the magnitude of flow traveling through the
vessel when it was fully open (considered 100% flow). The clamp was then progressively
clamped until 75%, 50%, 25% and less than 25% of total DRIL flow was allowed to pass
through the vessel.
3.9

Intrumentation
The following sections outline the tools used in data acquisition of the physical model.

This includes pressure transducers and flow probes as well as the monitoring devices,
calibration, error analysis and signal processing.
3.9.1

Pressure Transducers
The pressure transducers, produced and specified by Utah Medical Products Inc., are

Deltran I disposable pressure transducers and are most typically used in settings which they will
be used on a single patient and then disposed. When used in the proper operating range (-50 to
+300 mmHg) the pressure transducers have a tolerance of ± 2%. Per 8 hours of usage time after a
10 minute warm-up the zero drift is ≤1.0 mmHg. For each test, the pressure transducers were rezeroed, allowed a 10 minute warm up period and were not used for a duration of more than four
hours at a time. Therefore, the error was considered to be ± 2% for all cases. The sensor’s
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specifications meets or exceeds Association for the Advancement of Medical Instrumentation
(AAMI) standard ASNI/AAMI BP-22, 1994 [42].

Figure 34- Deltran I disposable pressure transducers.

3.9.2

Pressure Monitor
Pressure measurements were instantaneously displayed on an HP Component Monitoring

System part number M1046-9001C. Four pressure transducers were connected at a time and
attached at the parameter modules rack shown in Figure 35. Once the pressure transducers were
attached and exposed to air, they were zeroed prior to data collection. Once operating, the
pressure monitor system would display the systolic, diastolic and mean pressure for each
transducer as well as the average beats per minute (bpm) for the system.
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Figure 35- The HP Component Monitoring System (left) and the Pressure Module (right) connected to
pressure transducers [43].

The pressure monitor was previously adapted to acquire signals through an analog
interface output connector on the back of the monitoring system. The analog interface output
connector on the pressure monitor provides eight analog signals output on a 37- pin connector.
The output connector comes adapted with an error compensation loop to correct for drift and
monitors tolerances.
The pressure transducer signal was then rerouted and converted to be functional with
BNC cables through a converter box developed by Rochester Institute of Technology’s Senior
Design Group P08026. The data acquisition device is a National Instruments 8- channel, 16- bit,
1.25 MS/s (NI USB- 6251). Previously developed Labview software was used to instantaneously
gather data over a three second time period.
3.9.3

Flow Probes
The flow probes, produced by Transonic System Inc., were calibrated and tested with the

exact tubing used in the model (Tygon Formulation B-44-4X). Samples were sent to the
Transonic System testing facilities before the probes were delivered and the probes were
calibrated on site. The specification for each of the three flow probes states that the flow will be
within ± 2% of the measured values. Calibration procedure FM4.5 REV L was used to test each
probe. As shown in Figure 36, four flow probes were used throughout the experiments, ME
25PXN for 1” inner diameter tubing, ME 10PXN for ½” inner diameter tubing, ME 6 PXN for
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¼” inner diameter tubing, and ME 3 PXN for ⅛” inner diameter tubing. The ME 25PXN flow
probe is an inline flow probe, while the other three flow probes are “clamp on” flow probes.

Figure 36- The four flow probes used throughout the experiments, ME PXN25 (1/2" ID), ME PXN 10 (1/2"
ID), ME PXN6 (1/4" ID), and ME PXN3 (1/8" ID), shown from top to bottom.

The flow probes were selected based on the specified tubing as described below.
Selection criterion was based on several parameters and included compliance and anatomical
geometry. One of the four following flow meters can be adapted to any part of the physical
model.
Table 12- Flow Probe Bill of Materials

Part
1/8" Flow Probe
1/4" Flow Probe
1/2" Flow Probe
1” Flow Probe

3.9.4

OD
1/4"
3/8"
5/8"
(inline)

ID x Wall
1/8" x 1/16"
1/4" x 1/16"
1/2" x 1/16"
1”

Part #
ME-PXL, 4 PXL
ME-PXL, 6 PXL
ME-PXL, 10 PXL
ME-PXL, 25 PXL

Company
Transonic Systems
Transonic Systems
Transonic Systems
Transonic Systems

Quantity
1
1
1
1

Calibration
Because a flow probe did not exist for a tubing size of ⅟16 inch inner diameter tubing, the

ME PXN3 (⅛” ID) flow probe had to be calibrated in order to take flow measurements. This was
done so by placing a section of the larger diameter tubing (⅛” ID) over the smaller ⅟16” tubing.
When a leur lock was opened at the top of the vertical section of tubing with the flow probe in
place, a known volume of water passed through the tubing. The time it took for the known
volume of water to pass, as well as the flow meter reading was recorded. The actual flow rate
(mL/min) was then calculated by dividing the volume of water (mL) by the time it took to pass
through the tubing (min). It was found, that for the ⅟16” tubing, a correction factor of 1/3.04 had
to be multiplied to the flow meter reading to obtain the actual flow rate. The results of the
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calibration can be seen below in Figure 37 where the actual flow rate is compared to the flow
meter reading.

Figure 37- Calibration of ME PXN3 flow probe to 1/16" inner diameter tubing. The flow meter reading (xaxis) is compared to the actual flow rate (y-axis) and was found that a correction factor of 1/3 was needed.

The complete calibration test results can be found in Appendix E.
3.9.5

Flow Meter
The flow meter used to gather instantaneous mean flow rates is Transonic System’s 400-

series multichannel flow meter console T403 triple channel model. When used with Transonic
flow probes, three simultaneous readings can be made at one time. Using ultrasonic technology,
the flow probe emits two ultrasound beams through the tubing upon which a phase shift is
recorded and translated to a mean velocity. The flow meter is also equipped with three BNC
connectors, two of which are connected during data acquisition to the National Instruments 8channel, 16- bit, 1.25 MS/s data acquisition device.
3.9.6

Error Analysis
For the resistance of vessels, error was calculated using propagation of error according to

Fox and McDonald [44]. As seen in Equation (15), resistance, R, is calculated as the change in
pressure over flow.


∆


(15)

The relative uncertainty of Resistance, uR, is calculated from the uncertainty of change in
pressure, uP, and flow, uQ. Equation (16), adapted from Fox and McDonalds Eq. F.6 can be
rewritten in terms of pressure, flow and resistance as such:
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The partial derivative terms reduce to:

Thus reducing Equation (16) to:
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Substituting in ± 2% for both uP and uQ yields:
GH  IS0.02 7 0.02 V/

(20)

GH  I0.0282 W 2.82%

(21)

Thus it was found that when calculating the error in resistance the value used will be ±2.82%.
3.9.7

Signal Processing
To obtain the maxima, minima and mean of the pressure and flow waveforms, the signal

was filtered in Matlab prior to assessment. The Savitzky-Golay (S-G) smoothing filter was used
because of its ability to preserve the relative maximum and minimum as well as width of an
oscillatory signal [45]. The filter is ideal because of the pulsatile nature of the flow and its ability
to preserve features such as systolic and diastolic blood pressure, pulse pressure, mean pressure,
and heart rate.
This finite impulse response (FIR) filter does so by creating a moving polynomial fit of
the data assessed at a specific frame size or time span. In Matlab, the polynomial order, ‘k’, must
be less than the frame size, ‘f’. Additionally, ‘f’ must be odd [46]. The syntax for the filter is
written as follows for a vector or matrix ‘x’:
y = sgolayfilt(x,k,f)
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Figure 38 is an example of filtered versus unfiltered data using a 3rd order polynomial
with a frame size of 101.
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Figure 38- Unfiltered pressure waveforms (top), and S-G filtered pressure waveforms (bottom)

3.10 Software
Outlined below is the software used to drive the system (Servo Motor) and in data acquisition
(Labview).
3.10.1 Servo Motor
The Sigma-V motor was run by provided software Sigma-Win. This program allows for
the user to define several parameters such as speed, wait time, travel distance and acceleration
and deceleration time of the linear actuator. Next, a step-by-step procedure of how the SigmaWin software was implemented will be outlined. Appendix F gives the step-by-step directions to
running the Sigma-V software.
3.10.2 Data Acquisition Software- Labview
A Labview program written by Dr. Karl Schwarz of the University of Rochester Medical
Center was used for data acquisition of instantaneous pressures and flows. Labview 2009 was
used to aquire data over a three second time interval with 120,000 samples at a rate of 40 kHz.
The data acquired was unfiltered and consequently quite noisy until filtered later in Matlab. The
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Labview program had the ability to acquire and save data as well as display eight channels of
data which were collected simultaneously.
Data was acquired through a National Instruments 8- channel, 16- bit, 1.25 MS/s USB
device (NI USB- 6251) shown in Figure 39 below. Appendix F gives the step-by-step directions
on how to run the Labview software.

Figure 39- NI USB- 6251 Data Acquisition Hardware

3.11 Mathematical Model
A mathematical model was created in Simulink by Doran Mix of the University of
Rochester’s Medical Center. The mathematical model was adapted to match the geometry and
physical properties of the physical arteriovenous model in order to create a basis for comparison.
Much like the Wixon and Gradman’s model, this Simulink model uses electrical capacitors and
resistors to mimic the mechanical resistance and capacitance of the tubing used in the physical
model. On the arterial side, this model starts at the arterial inflow which is equivalent to the
physical model’s subclavian artery, and then moves through the axillary artery, the proximal and
distal brachial arteries, the radial and ulnar arteries and finally to the hand flow. The venous
circulation is simply modeled by a single capacitive and resistive element. Each arterial segment
is modeled by two resistors in series intersected by a capacitor in parallel as shown in the
proximal brachial artery segment below in Figure 40.
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Figure 40- The proximal brachial arterial segment modeled in Simulink modeled with two resistors in series
with one capacitor intersecting in parallel. C_Prox is the calculated capacitance, and R_Prox_1 and
R_Prox_2 are the calculated resistances.

In the first simulation, the resistance was calculated based on Poiseuille’s Law which
takes into consideration the length and radius of the vessel as well as blood viscosity. Equation
(22) below, describes the resistance of a vessel in terms of its diameter.


128 !
( 

(22)

Above, R is resistance, µ is viscosity, L is length, and d is diameter. As written in Matlab,
the code below describes the calculation of the resistance of a vessel. Output_args is the
resistance of the vessel.
output_args = 60*(8*(Blood_Viscosity*0.0075)*Length/60)/(pi*(Radius)^4);

In the second and final simulation, the resistance of a vessel was based on Womersley’s
Impedance Method. Equations (23)-(25) describe the resistance of a vessel based on the
frequency dependant impedance.
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As written in Matlab, the code below describes the impedance of a vessel where output_args is
the resistance of the vessel.
output_args =
(((Length*Blood_Viscosity*(w^2))/((Radius^2)*M10))*sin(E10))/1000;

The capacitance in both cases was based on the vessel volume, the radius, the thickness and the
elastic modulus and is defined by Equation (26) below [47].
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(26)

Above, ro is the radius of the vessel, vo is the volume of the vessel, tw is the wall thickness
and E is the elastic modulus. The capacitance of a vessel is defined in Matlab is shown below.
Output_args in this case is the capacitance of the vessel.
output_args =
(2*Radius*(Radius)^2*pi*Length)/(Thickness*Artery_Elastic_Modulus*7.5);

The complete set of functions and m-file can be seen in Appendix G. Capacitance and
resistance of the venous side was set to 1 farad and 3 ohms respectively.The following fluidic
properties were used to calculate the resistance and capacitance of the vessels and are closely
related to those properties of the physical arteriovenous model.
Table 13- Fluid properties of the Simulink model

Blood Viscosity

0.0035

Pa·s

Blood Density

1.05

g/mL

Heart Flow

52.2

mL/stroke

Heart Rate

62

bpm

Heart Frequency

1.033

Hz

Elastic Modulus

455

kPa

Furthermore, an important determinate of the resistance and capacitance of the vessels is
the physical parameters of the vessels themselves. This includes the length, radius and thickness
of each of the vessels. Listed below in Table 14 are the lengths used in the Simulink model as
well as the equivalent vessels in the physical model. The lengths and radii were based on those of
the physical model and thickness was set to 0.1 cm for all cases.
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Table 14- Physical Properties of the vessels used in Simulink based off of the physical model

Vessel in Simulink

Vessel in Physical Model

Length (cm)

Radius (mm)

AVF

AVF

19.05

3.175

Collateral

Collateral

59.69

1.243

Dist

1st and 2nd DIST Brachial

15.24

3.188

Inflow

Subclavian

4.7

6.4

Prox

1st and 2nd PROX Brachial

24.13

0.3188

Radial/Ulnar

Radial/Ulnar

16.51

0.1588

The arterial inflow was modeled using a suppressed sine wave in Simulink. The peak
amplitude and frequency of the generated sine wave can be defined by the user as the heart flow
in milliliters per stroke and the heart frequency in beats per minute respectively. The sine wave is
described by Equation (27) below.

$  $B ^ sin_ ^ [ 7 E$

(27)

Where I is the output signal, IO is the peak amplitude in amperes, W is the frequency in
hertz and PHI is the phase shift.
A negative suppression valve in parallel to the generated sine signal and a valve in series
with the generated signal were piecewise linear diodes which aided in creating physiologic
pressure and flow waves. Both diodes had the same properties with a forward voltage of 0.6 V,
an ‘on resistance’ of 0.3 ohms, and an ‘off conductance’ of 1e-8 S. Figure 41 below shows the
negative suppression valve (blue) and one-way valve (red) which aided in creating physiologic
waveforms. The complete Simulink model can be seen in Appendix H.

Figure 41- Generated sine wave for input pressure and flow to the system with a negative suppression valve
(blue) and a one way valve or diode (red) to create physiologic waveforms.
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Recall, that the electrical equivalent to flow is current and the electrical equivalent to
pressure is voltage. Flow is monitored by an ideal current sensor which is a device that converts
electrical current into a physical signal without disrupting the current or voltage properties of the
rest of the circuit. The pressure was monitored by an ideal voltage sensor which converts
electrical voltage between two connections to a physical signal without disrupting the current or
voltage of the rest of the system.
The Simulink model was run using ode14x which is an implicit, extrapolating, fixed-step
solver. The step-size was set to automatic and the simulation was run for a duration of three
seconds from 7-10 seconds while the AVF radius was changed from 0.5 to 5 mm at an interval of
0.05mm.
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4

Results
The following results sections contains the results from the physical model beginning with

the native circulation, then moving to the native circulation with an AVF and then native
circulation with the AVF and DRIL procedure. The final results section analyzes the
mathematical model done in Simulink.
4.1
4.1.1

Native Circulation
Compliance Chamber
The first set of tests done was that of the native circulation (no AVF or DRIL). The first

variable was the compliance chamber (CC) set up. Three possible variations existed, a
compliance chamber parallel to flow, and a compliance chamber perpendicular to flow, and no
compliance chamber. Below in Figure 42, a diagram of the native circulation is shown with
connector 2, on the arterial side, and connector 12, on the venous side, highlighted.
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Vena Cava
Aorta

13

1

1/2” PROX
Vein

Subclavian

12
2
Axillary

1/4” PROX Vein

3
1st PROX Brachial
4

11

1/4” DIST
Vein

2nd PROX Brachial

10

5
Collateral

1st DIST
Brachial
6
2nd DIST Brachial
7

1st Radial

1/8” DIST
Vein

Ulnar
8
2nd Radial

9

Hand Compliance

Figure 42- Labeled connectors and vessels of the arteriovenous model with a compliance chamber parallel to
flow
flow. Connectors are labeled with balloon:

#

In each of the three cases, an arterial collateral flow was present and blood pressure was
wa
considered normal (approximately 120/65 mmHg). Also, the working fluid was water, making
the assumption that the results would remain the same with the water/glycerin mixture. Although
the diastolic pressure was never quite reached (average of approximat
approximately
ely 65 mmHg), it was
determined that the model was still functioning adequately. All mean venous pressures were
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approximately 24 mmHg, comparable to that measured in vivo. Table 15 below outlines the tests
done to confirm the compliance chamber setup.

Table 15- Test sets to confirm the compliance chamber setup

Test

Compliance Chamber Setup

A1

In-Line with Flow

A2

Side Stream

A3

No Compliance Chamber

The pulsatile waveforms were first examined for adequate damping. P2 represents
connector 2 on the arterial side distal to the subclavian artery, and P12 represents connector 12
distal to the ¼” Distal Venous Return. These connectors were chosen because of their proximal
location to the main circulatory loop (the hemodynamic simulator) and because of the ability to
access similar vessels in a clinical setting. Figure 43 below shows pulsatile waveforms for the
proximal arterial side (left) and the dampened waveforms for the proximal venous side (right) for
the three compliance chamber (CC) setups.
P12: CC In-Line with Flow
150
Pressure(mmHg)

Pressure (mmHg)

P2: CC In-Line with Flow
150
100
50
0

0

1

2

100
50
0

3

0
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50

0

1

2

50
0

3

0

1

2

3

P12: No CC

150

150
Pressure(mmHg)

Pressure (mmHg)

3

100

P2: No CC

100
50
0

2

150

100

0

1

P12: CC Side Stream
Pressure(mmHg)

Pressure (mmHg)

P2: CC Side Stream

0

1

2
time (s)

3

100
50
0

0

1

2

3
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Figure 43- Pulsatile waveforms of P2, proximal arterial side, and P12, proximal venous side, for the three
compliance chamber (CC) setups. The compliance chamber in-line with flow (top), a side stream compliance
chamber (middle) and no compliance chamber (bottom) are shown above.
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The differential pressure between connector 2, of the arterial side, and connector 12, of
the venous side, was chosen to assess the ability and magnitude of the damping of the
compliance chamber. The in-line flow compliance chamber, side stream compliance chamber
and the flow without a compliance chamber yielded a pressure difference between connectors 2
and 12 of 67.62, 64.75, and 64.88 mmHg ±2% respectively. Mean pressure for the parallel to
flow, side stream compliance chamber and for no compliance chamber are 93, 88, and 90 mmHg
±2% respectively on the arterial side and 25, 24, and 25 mmHg ±2% respectively on the venous
side.

Figure 44- Pressure difference between connectors 2 and 12 for each of the three compliance chamber setups.
The in-line with flow, side stream compliance chamber flow, and no compliance chamber yielded a pressure
difference of 67.62, 64.75, and 64.88 mmHg ±2% respectively.

Additionally, as shown in Figure 45 the pulsatile flow through the aorta was monitored.
Mean aortic flow was found to be 5.45 L/min ±2% over a time period of three seconds.
6.5

Aortic Flow (L/min)

6
5.5
5
4.5
4

0

0.5

1

1.5
time (s)

2

2.5

3

Figure 45- Pulsatile flow through aorta. Mean flow was measured to be 4.4 L/min.
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4.1.2

Normotensive and Hypertensive Settings
Tests A8, A9 and AAA9 were designed to establish hypertensive settings while using the

glycerin/water mixture. Figure 46 below shows the mean pressure at each connector moving
from the proximal arterial side to the proximal venous side (the path of fluid flow). Error is ±2%
at each connector. Through the arterial side, connectors 1-8, pressure in the normotensive case
remains approximately 15 mmHg less than both hypertensive cases. On the venous side, both the
normal and hypertensive cases have very similar pressures. Distal pressure and flow refer to the
flow and pressure at the hand (connector 9).

Figure 46- Mean pressures at each connector for the normotensive case and hypertension (HTN) with
increased peripheral vascular resistance (PVR) and increased cardiac output (CO).

Overall, with the native circulation under hypertension with high cardiac output and
hypertension with high peripheral vascular resistance a 22.47% and 22.65% increase in distal
pressure was found as compared to normal blood pressure. Additionally, as compared to normal
blood pressure, hypertension with increased cardiac output and increased peripheral vascular
resistance saw an increase of distal flow of 32.41% and 42.07% respectively. The resulting
increase in pressure and flow can be seen in Figure 47 below.
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Figure 47- Change in distal pressure (right) and distal flow (left) under normal and hypertensive settings.

4.1.3

Viscosity Testing Results
Using the size 50 viscometer, which is rated to find viscosity from 0.8 to 4.0 centipoises,

three trials were run to determine the viscosity of a 40/60 glycerin/water mixture. The average
efflux time of 762 seconds was multiplied by the constant 0.00496 mm2/s as per the
viscometer’s calibration manual to yield a viscosity of 3.43 centipoises with a 1.5% confidence
interval on the viscometer. The viscosity was periodically checked throughout the duration of the
experiments in order to insure that the viscosity was not changing.
4.2
4.2.1

Native Ciruclation and AVF
Altering AVF Flow
The native circulation was then adapted with an arteriovenous fistula (AVF) as described

in the methods section. The fistula intersected the arterial side at connector 5 and reentered the
circulation at connector 11 on the venous side. Below in Figure 48 the native circulation is
shown with the AVF in place.
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11
AVF
Collateral
5
1st DIST Brachial
2nd DIST Brachial

1st Radial
9

Figure 48- Native circulation adapted with an arteriovenous fistula (AVF). The fistula diverts from the native
circulation at connector 5 of the arte
arterial
rial side and reenters at the venous side at connector 11. Distal pressure
readings were taken at connector 9.

Pressure across the AVF ((connectors 5 and 11) and flow through the fistula was closely
monitored as well as flow to the hand (to the compliance chamber) and distal pressure (connector
9). The flow and pressure at the hand will be referred to as the distal flow and distal pressure
respectively. Additionally in the following figures, flow will typically be presented as a red line
and pressure will be presented as a blue line.
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4.2.1.1 Normal Blood Pressure
Six tests were run under normal blood pressure and cardiac output with the fistula in
place. Flow through the fistula was altered and the systemic effect was then monitored, paying
special attention to distal flow and distal pressure. Collateral was open in all six cases. Table 16
below outlines the tests done and their test numbers which will be referred to in the figures to
come.
Table 16- Normal pressure tests run with AVF and altering AVF flow

% of fully open AVF Flow

Test

AVF Flow (mL/min)

100%

B1

936

75%

B5

730

50%

B9

452

25%

B13

228

~10%

B17

80

0%

A8

0

When first looking at each connector and their encompassing mean pressures, it is shown
that in the portions of the brachial artery (from connector 3- 7) as the flow to the AVF is
increased, the mean pressure decreases. As shown in Figure 49 the high pressure drop remains
until the flow reaches the compliance chamber and the venous side.

Figure 49- System mean pressures at each connector. As flow to the AVF increases, the mean pressure
decreases in the brachial artery (connector 3-7)
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Distal perfusion is defined by the flow and pressure in the hand. A malfunctioning AVF
is said to decrease both pressure and flow to the hand. Therefore, distal flow and pressure
monitored as a function of AVF flow. As AVF flow increases, distal flow (flow to the
compliance chamber/hand) decreases until the AVF is restricted to approximately 25% of the
original flow. This is at a fistula flow of 228 mL/min. Ideal fistula flow for dialysis is said to be
between 500 and 600 mL/min at the approximate intersection of AVF and distal flow. Distal
flow is minimized at 54 mL/min ±2% an AVF flow of 100% and maximized at 159 mL/min
±2% at 25% AVF flow.
The second measure of adequate distal perfusion is distal pressure. With decreasing AVF
flow, distal pressure increases until 25% of total AVF flow is reached when distal pressure
appears to plateau. Distal pressure increases from a minimum of 64 mmHg ±2% at 100% AVF
flow to a maximum of 79 mmHg ±2% at 25% AVF flow.
Combining distal flow and distal pressure as a function of AVF flow, a point of
maximum flow and pressure is seen around an AVF flow of 250 mL/min. As seen in Figure 50,
beyond this point distal pressure and flow decreases or remains the same.

Figure 50- Distal flow and pressure as a function of AVF flow. Maximum pressure and flow is seen around
250 mL/min, after which values decrease or remains the same.

4.2.1.2 Hypertension- Increased Cardiac Output
Much like the normotensive tests, six tests were run under hypertensive settings (mean
systolic blood pressure greater than 140 mmHg). Again, flow through the fistula was altered and
the systemic effect was then monitored, paying special attention to distal flow and distal
pressure. Collateral was open in all six cases. The first set of tests were run under increased
cardiac output where the stoke volume was altered. This resulted in an increased mean aortic
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flow and high systemic blood pressure. When comparing the hypertensive case to the
normotensive case flows were normalized to the aortic flow. Flow through the aorta was
considered 100% of total flow. Table 17 below outlines the tests performed under hypertension
with increased cardiac output. AVF flow, when fully opened is 1102 mL/min ±2% as compared
to 936 mL/min ±2% under normal blood pressure conditions.

Table 17- Hypertensive pressure test sets with increased cardiac output run with an AVF and for altering
AVF flow

% of fully open AVF Flow

Test

AVF Flow (mL/min)

100%

B2

1102

75%

B6

838

50%

B10

530

25%

B14

276

~10%

B18

98

0%

A9

0

When examining distal flow as a function of AVF flow in hypertension (HTN), a similar
outcome to the normal blood pressure case is found. Ideal fistula flow for dialysis is said to be
between 500 and 600 mL/min or approximately 50% AVF flow. Distal flow increases from a
minimum of 70 mL/min ±2% at 100% AVF flow to a maximum of 192 mL/min ±2% at 0% AVF
flow.
To compare the hemodynamics of the normotensive case and the hypertensive case with
increased cardiac output, the flow in the distal portion of the arterial flow was compared. As seen
in Figure 51 below, the flow in the 1st and 2nd distal brachial arteries were examined as a function
of AVF flow. These portions were chosen because clinically retrograde flow is said to occur
here. Retrograde flow was found to occur in the 1st Radial Artery, the section of arterial flow
proximal to the insertion of the collateral flow. However, retrograde flow was only -0.4% of total
aortic flow for both the normal and hypertensive cases. Also examined, was the distal flow for
both the normal and hypertensive cases.
It is shown that for all four portions of the distal arterial flow that under hypertensive
settings with increased cardiac output, flow is slightly elevated as compared to the normotensive
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cases. In all four charts shown below the normal case is shown in red and the hypertensive case
is shown in pink.

Figure 51- Comparison of distal arterial flow in the normal and hypertensive (increased CO) cases. The 1st
and 2nd distal brachial arteries (top) are shown to have antegrade flow. The 1st radial artery (bottom left) was
the only portion to show retrograde flow, although it was only -0.4% of total (aortic) flow. The distal flow
(bottom right) showed similar increasing patterns with decreasing AVF flow for both the normal and
hypertensive cases.

Finally, the distal pressure of the normal (dark blue) and hypertensive (light blue) cases
were compared. As shown in Figure 52 below, when hypertensive settings are applied with
increased cardiac output, mean distal pressure increases by approximately 15 mmHg. Much like
the normotensive case, distal pressure increases with decreasing AVF flow until approximately
25% of total AVF flow. Shown below is the distal pressure in both the normal and hypertensive
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cases. Distal pressure increases from a minimum of 74 mmHg ±2% at 100% AVF flow to a
maximum of 96 mmHg ±2% at 25% mmHg.

Figure 52- Comparison of distal pressure for the normal (dark blue) and hypertensive (light blue) cases.

With increased blood pressure under high cardiac output with an AVF in place, a 15.18%
increase in distal pressure and a 31.78% increase in distal flow were found when the fistula flow
was fully open.
4.2.1.3 Hypertension- Increased Peripheral Vascular Resistance
The second set of hypertensive cases tested the effect of high peripheral vascular
resistance. Collateral flow was present and cardiac output was kept constant from the
normotensive cases. Like the previous cases, special attention was paid to distal perfusion
(pressure and flow). Table 18 below lists the test name and number. AVF flow is 1088 mL/min
±2% when the fistula is fully open as compared to 1102 mL/min ±2% with hypertension
(increased cardiac output) and 936 mL/min ±2% under normal blood pressure conditions.

Table 18- Hypertensive tests with high peripheral vascular resistance
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% of fully open AVF Flow

Test

AVF Flow (mL/min)

100%

BB2

1088

75%

BB6

816

50%

BB10

544

25%

BB14

274

~10%

BB18

67

0%

AA9

0
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When examining the distal flow as a function of AVF flow, unlike previous cases, no
plateau is seen. Distal flow continually increases as AVF flow decreases. Additionally, little to
no change in distal flow is seen as compared to hypertension with increased cardiac output for all
AVF flow cases. Distal flow is minimized at 75 mL/min ±2% at 100% AVF flow and
maximized at 206 mL/min ±2% at 0% AVF flow.
Unlike the previous cases of normal and hypertensive blood pressure with increased
cardiac output. Distal flow is indeed maximized when AVF flow is zero for hypertension with
high peripheral vascular resistance. Distal pressure and distal flow are maximized at 95 mmHg
±2% and 206 mL/min ±2% respectively.
The distal segment (beyond the AVF) of the arterial blood flow is again compared to
uncover if any hemodynamic differences are present when hypertension is modeled with high
cardiac output versus high peripheral vascular resistance. In all segments of the distal arteries,
when flow was normalized to the incoming aortic flow, distal flow was the same. Again, when
AVF flow was maximized, the only segment to experience retrograde flow was the 1st radial
artery. The distal flow was maximized upon completely eliminating fistula flow.
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Figure 53- Comparison of distal arterial flow in the hypertensive (increased CO and increased PVR) cases.
The 1st and 2nd distal brachial arteries (top) are shown to have antegrade flow. The 1st radial artery (bottom
left) was the only portion to show retrograde flow, although it was only -0.5% of total (aortic) flow. The distal
flow (bottom right) showed similar increasing patterns.

The final assessment of distal perfusion is the analysis of distal pressure. When the distal
pressure of the hypertensive case with increased peripheral resistance is compared to the
hypertensive case with increased cardiac output, the distal pressure with high PVR is consistently
higher at all points of AVF flow. As shown in Figure 54, hypertension with high cardiac output
gives the highest distal perfusion and the normotensive case gives the lowest distal perfusion at
all points of AVF flow. As seen below, the distal pressure in the hypertensive case with high
peripheral resistance increases as AVF flow decreases until approximately 10% of fully open
AVF flow. This plateau is seen slightly after that of the hypertensive case with high cardiac
output. Distal pressure increases from a minimum of 72 mmHg ±2% at 100% AVF flow to a
maximum of 95 mmHg ±2% at 10% AVF flow.

Figure 54- Distal Pressure vs. AVF Flow for the normotensive case, and the two hypertensive cases of
increased cardiac output and increased peripheral vascular resistance.
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With the AVF in place, an overall 15.18% increase in distal pressure was seen when
cardiac output was increased and 11.79% increase in distal pressure was seen when peripheral
vascular resistance was increased both as compared to the normotensive case. For distal flow, a
31.78% increase was seen when cardiac output was increased and a 39.25% increase in distal
flow was seen when peripheral vascular resistance was increased as compared to the
normotensive case.
4.2.1.4 Normal Blood Pressure- No Collateral Flow
To examine the effect of collateral on distal flow and pressure, six cases were run under
both normotensive conditions with varying flow through the AVF. Below in Table 19, an
outline of the tests done pertaining to the hemodynamics of the arteriovenous model without
collateral is shown. The results of these tests were compared to baseline case with normotensive
settings and the collateral flow fully open.
Table 19- Normotensive tests with no collateral and varying AVF flow

% of fully open AVF Flow

Test

AVF Flow (mL/min)

100%

B3

952

75%

B7

722

50%

B11

456

25%

B15

225

~10%

B19

84

0%

A10

0

The distal flow appeared to be not affected by the presence of the collateral. When the
collateral flow is removed distal flow decreases only marginally. Additionally, the distal flow
increases in the exact same manner with and without collateral when decreasing the AVF flow.
A plateau is seen at approximately 25% of fully open AVF flow. Distal flow increases from 46
mL/min ±2% at 100% AVF flow to 153 mL/min ±2% at 25% AVF flow.
The largest difference in flow is seen in the distal portion of the brachial artery (distal to
the AVF) and in the 1st radial artery segment. Flow in the distal brachial segments increase from
3.28% to 4.00% of total flow when collateral is not present. In the first radial segment, percent of
total flow increases from 0.82% to 1.38% when collateral is not present. However, as seen in the
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bottom left of Figure 55, there is little change in the distal flow with or without collateral. Distal
flow, when minimized at 100% AVF flow, is 46 mL/min ±2% and 54 mL/min ±2% without and
with collateral respectively. Additionally distal flow also marginally increases with collateral
when maximized at 25% AVF flow as it increases from 153 mL/min ±2% to 159 mL/min ±2%
without and with collateral respectively.

Figure 55- Comparison of distal arterial flow in the normotensive case. The 1st and 2nd distal brachial
arteries (top) show a significant difference in flow with and without collateral. The 1st radial artery (bottom
left) was the only portion to show retrograde flow under normal tension with collateral. The distal flow
(bottom right) is shown to be the same.

Distal pressure, as seen in Figure 56 below, only marginally increases with the presence
of collateral. When collateral is not present, distal pressure is minimized when AVF flow is at
100% at 62 mmHg ±2%, compared to 64 mmHg ±2% with collateral. Distal pressure is
maximized at 25% AVF flow at 77 mmHg ±2% without collateral and 79 mmHg ±2% with
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collateral. Both with and without collateral, pressure appears to maximize at 25% AVF flow (225
mL/min ±2%). Decreasing the AVF flow below 25% does not change the resulting distal
pressure. Prior to 25% AVF flow, distal pressure increases with decreasing fistula flow. Pressure
changes from 62 mmHg ±2% at 100% AVF flow to a maximum of 77 mmHg ±2% at 25% AVF
flow.

Figure 56- Distal Pressure vs. AVF Flow for the normotensive case with collateral (dark blue) and without
collateral (light blue). Only a marginal increase in distal pressure is seen with collateral.

With the native circulation and normal blood pressure conditions, distal pressure
decreased 3.81% and distal flow decreased a slight 2.07% without collateral. With the AVF in
place, under normal blood pressure conditions, a 2.89% decrease in distal pressure was seen
when collateral was present. Also, with the AVF in place, under normal blood pressure
conditions a 14.02% decrease in distal flow was seen when collateral flow was not present.
However, when normalized to the total inflow (aortic flow), distal flow decreased only slightly
when collateral flow was not present from 3.72% to 3.59%.
4.2.1.5 Hypertension- No Collateral Flow

Table 20 and Table 21 below outline the tests performed under hypertensive settings with
increased cardiac output (CO) and increased peripheral vascular resistance (PVR) with no
collateral flow.
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Table 20- Hypertensive (CO) tests with varying AVF flow and no collateral.

% of fully open AVF Flow

Test

AVF Flow (mL/min)

100%

B4

1100

75%

B8

843

50%

B12

532

25%

B16

280

~10%

B20

100

0%

A11

0

Table 21- Hypertensive tests (PVR) with varying AVF flow and no collateral.

% of fully open AVF Flow

Test

AVF Flow (mL/min)

100%

BB4

1083

75%

BB8

816

50%

BB12

544

25%

BB16

279

~10%

BB20

72

0%

AAA11

0

Distal flow improved marginally in both the hypertensive case when cardiac output was
high and when peripheral vascular resistance was increased. When cardiac output is increased to
create a hypertensive condition, distal flow was minimized at 61 mL/min ±2% with hypertension
and no collateral as compared to 71 mL/min ±2% with collateral. Both of these points occurred
at 100% AVF flow. Distal flow was maximized at 0% AVF flow at 186 and 192 mL/min ±2%
without collateral and with collateral respectively.
When hypertension was created due to an increased peripheral vascular resistance distal
flow was minimized at 67 mL/min ±2% with hypertension and no collateral as compared to 75
mL/min ±2% with collateral. Both of these points occurred at 100% AVF flow. Distal flow was
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maximized at 0% AVF flow at 200 and 206 mL/min ±2% without collateral and with collateral
respectively.
Figure 57 below shows the flow through the distal portion of the arterial circulation.
Much like the normotensive case, a large discrepancy is seen between the 1st and 2nd distal
brachial artery and the 1st radial segment flow with and without collateral. Because of the
similarity, displayed below are the results for the hypertensive case with increased peripheral
vascular resistance and not increased cardiac output. All flows are minimized at 100% AVF flow
and maximized at 0% AVF flow.
With high cardiac output, in the distal brachial artery, mean flow ranged from 67 to 208
mL/min ±2% without collateral to 13 to 166 mL/min ±2% with collateral. In the 1st radial artery
segment, flow ranged from 23 to 71 mL/min ±2% without collateral to -16 to 40 mL/min ±2%
with collateral. With high peripheral vascular resistance, in the distal brachial artery, mean flow
ranged from 77 to 213 mL/min ±2% without collateral to 17 to 167 mL/min ±2% with collateral.
In the 1st radial artery segment, flow ranged from 26 to 78 mL/min ±2% without collateral to -20
to 41 mL/min ±2% with collateral.
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Figure 57- Comparison of distal arterial flow in the hypertensive case with high peripheral vascular
resistance. The 1st and 2nd distal brachial arteries (top) show a significant difference in flow with and
without collateral. The 1st radial artery (bottom left) was the only portion to show retrograde flow under
hypertension with collateral. The distal flow (bottom right) is shown to be the same.

Much like distal flow, distal pressure marginally improves with the presence of collateral.
When hypertension is caused by increased cardiac output, distal pressure was minimized at
100% AVF flow at 73 and 74 mmHg ±2% without and with collateral respectively. Pressure was
maximized at 25% AVF flow at 93 and 96 mmHg ±2% without and with collateral respectively.
When hypertension is caused by increased peripheral vascular resistance, distal pressure
was minimized at 100% AVF flow at 71 and 72 mmHg ±2% without and with collateral
respectively. Pressure was maximized at 0% AVF flow at 90 and 95 mmHg ±2% without and
with collateral respectively.
In summary, under hypertension and the native circulation, a negligible 1.91 % decrease
in distal pressure was seen as well as a 2.91% decrease in flow when collateral flow was not
present. With the AVF in place under hypertension with increased cardiac output, a minor 2.04%
decrease in distal pressure was seen and a 12.91% decrease in distal flow was seen when
collateral flow was not present. With the AVF in place under hypertension with increased
peripheral vascular resistance, a negligible 1.72% decrease in distal pressure was seen and a
10.07% decrease in distal flow was seen when collateral flow was not present.
4.2.2

Altering AVF Diameter
The first relationship that was examined was that between the flow through the fistula

and the flow to the distal flow while varying the fistula diameter. Figure 58 below illustrates the
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relationship between the cross sectional area of the fistula and the flow of both the AVF and the
flow to the hand compliance chamber. The goal when optimizing the fistula size is to maintain a
healthy flow to the hand while also maintaining an acceptable flow through the fistula.
Otherwise stated, decreasing the fistula diameter allows more flow to travel distally through the
hand while still maintaining sufficient fistula flow. Distal flows when the diameter of the fistula
is ¼”, ⅛”, and ⅟16” are 2.18%, 6.75%, and 7.89% respectively.

Figure 58- Effect of Cross- Sectional Area on AVF and Hand Flow. For each flow probe, flow is ± 2%.

Because it was hypothesized that the collateral flow greatly contributed to antegrade flow
in the first radial artery segment, connectors 7- 8, the collateral flow was eliminated and the test
of three diameters was reexamined. Much like the circulation with collateral, distal flows when
the diameter of the fistula is ¼”, ⅛”, and ⅟16” are 2.04%, 6.26%, and 7.40% respectively. In the
two larger diameter cases, total flow to the hand is slightly smaller, however, the amount by
which flow increases due to a decreasing diameter remains the same.
As shown in Figure 59, when the cross- sectional area of the fistula increases, distal
pressures (connector 9) decreases linearly. These results were not affected with the exclusion of
the collateral flow. With collateral flow, distal pressure is minimized at 63 mmHg ±2% when the
diameter is largest at ¼”. The maximum distal pressure found was 81 mmHg ±2% when the
diameter is ⅟16”. When collateral flow is excluded, distal pressure is minimized at 59 mmHg ±2%
when diameter is ¼” and is maximized at the smallest diameter (⅟16” ID) at 83 mmHg ±2%.
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Figure 59- Distal Pressure as a function of cross sectional area. For each pressure measurement, pressure is
considered to be ± 2%.

As shown in Figure 60, the mean pressures throughout the system can be seen to
consistently drop as the fluid moves from arterial to venous side. When discounting a fistula with
an inner diameter of ½”, a trend can be seen which suggests that with a smaller fistula diameter,
the arterial pressure will not drop as dramatically as fluid travels through the brachial artery
(connectors 2- 7). However, the pressure difference between the arterial and venous side is made
more dramatic by the higher resistance (smaller diameter) fistula. This data is also significant
when considering the maturation of a fistula.

Figure 60- Relationship between fistula diameter and pressure throughout the system. From connector 1- 13
is considered blood flow from aorta- vena cava. For each pressure measurement, pressure is considered to be
± 2%.
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4.2.3

Altering AVF Position
To test the effects of AVF position on the hemodynamics of the arm, three positions were

chosen along the brachial artery. Table 22 below outlines the three test numbers and positions.

Table 22- Tests of position with nominal length and diameter

Test

Position

B21

Proximal

B1

Nominal

B25

Distal

As described in the methods section, the nominal position lies between the 2nd Proximal
Brachial Artery and the 1st Distal Brachial Artery, the proximal position lies between the 1st and
2nd Proximal Brachial Arteries, and the distal position lies between the 1st and 2nd Distal Brachial
Arteries. All three positions intersected the venous circulation at the nominal position and each
position is approximately 3.5 inches apart. This was also done under normal blood pressure and
cardiac output with collateral and with the nominal length and diameter of the AVF.
By examining the mean pressure at each connector in Figure 61, minimal difference can
be seen at each point suggesting that position of the AVF has little to do with significantly
altering the hemodynamics of the arm vasculature.

Figure 61- Mean pressures at each connector for three position cases, nominal (Nom.), proximal (PROX) and
distal (DIST).
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Figure 62 further confirms that little change exists by moving the AVF. Distal flow is
54.5, 53.5, and 53 mL/min ±2% for the proximal, nominal and distal positions respectively.
Additionally, distal pressure also shows a marginal decrease of 66, 64, and 64 mmHg ±2% for
the proximal, nominal, and distal positions respectively.

Figure 62- Distal flow and distal pressure when the AVF is moved proximal and distal to nominal position.
An increase in distal flow is observed as well as a marginal increase in distal pressure as the AVF is moved
more proximally as compared to its nominal position.

An additional set of tests was done in an independent study which explored a wider range
of fistula positions. Table 23 below outlines the tests done.

Table 23- Variations of Fistula Position done in Independent Study

Test

Proximal Artery

Distal Artery

Pa

Axillary

1st PROX Brach

Pb

1st PROX Brach

2nd PROX Brach

Pnom

2nd PROX Brach

1st DIST Brach

Pc

1st DIST Brach

2nd DIST Brach

Pd

1st Ulnar

2nd Ulnar

As shown in Figure 63, a relationship between fistula position and distal flow appear to
be almost non-existent with the exception of the case, Pd. In the case, Pd, the fistula is no longer
placed along the brachial artery, rather on the ulnar artery, thus explaining the vast difference in
fistula flow, as the supply vessel no longer provides similar flows to that of the brachial artery.
When the position is altered, distal flow is minimized at 2.00% of total flow (93 mL/min ±2%)
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when at position ‘Pb’. Distal flow is maximized at 2.35% total flow (109 mL/min ±2%) when at
the nominal position.

Figure 63- Effect of Fistula Position on AVF and Hand Flow (left) and the effect of Fistula Length on AVF
and Hand Flow (left). Distal Pressure with varying lengths of fistula (right) and Distal Pressure with varying
fistula position (left). For each flow probe and pressure transducer measurements are ± 2%.

When fistula length and position change, the distal pressure is only marginally affected.
A slight decrease in distal pressure can be seen as the fistula is placed more to the hand. When
the position is altered, the minimum distal pressure is achieved when the fistula is closest to the
hand, Pd, and maximized when the fistula is placed farthest away from the hand, Pa, at 48 and 66
mmHg ±2% respectively. At Pc, the last fistula bifurcation of the brachial artery, the pressure is
56 mmHg ±2% as compared to the nominal position when distal pressure is 62 mmHg. At point
Pd distal pressure is 48 mmHg ±2%.
As above, the mean pressures vary with unrecognizable differences as the length of
fistula varies from 11.5 to 3.5 inches. This suggests that the length of the fistula has little to do
with altering the system dynamics of the arm vasculature.
When considering a bifurcation of the fistula and the ulnar artery, Pd, a steady arterial
pressure is observed through connector 7, the radial- ulnar bifurcation. Immediately, a pressure
drop is observed, severely limiting distal perfusion. Unlike when the fistula bifurcates the
brachial artery, the main arterial pressure is maintained when the fistula intersects the ulnar
artery. Figure 64 below shows that when the AVF bifurcates the ulnar artery, brachial arterial
pressure is maintained, unlike the previous cases. However, the low distal flow and distal
pressures indicate that this position may not be desirable.
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Figure 64- Comparison of Pd to Pnom in the relationship between fistula position and pressure throughout
the system. Pd is isolated because it does not bifurcate the system along the brachial artery like all previous
cases. For each pressure measurement, pressure is considered to be ± 2%.

4.2.4

Altering AVF Length
Several tests were done to analyze the effect of length on the distal flow and pressure.

Two different diameter fistulas were used, one with a ¼” inner diameter and another with ⅛”
diameter. The effect of AVF length was analyzed using two different diameter fistulas over
several lengths of tubing. Lengths of 1.5” to 11.5” were tested, where the nominal length is
considered to be 7.5”. The set of tests done are listed in Table 24 below.
Table 24- Tests of Varying AVF lengths with two different diameters

AVF Diameter
¼”

⅛”

Test
B37
B1
B33
B29
B41
B42
B43
B44
B45

Length (inches)
5.5
7.5
9.5
11.5
1.5
3.5
5.5
7.5
9.5

Collateral was in place for each of these tests and blood pressure was considered normal.
When comparing the change in distal flow to the change in AVF length, no discernable
difference is found in either the ⅛” or ¼” diameter tests. The lengths of 5.5”, 7.5” and 9.5” for
the ¼” and ⅛” inner diameters AVF are compared in Figure 65 below. When the length was
decreased from the nominal length of 7.5” to 5.5” distal flow decreased by 2.80% and 1.91% for
the ¼” and ⅛” diameter fistulas respectively. The distal pressure increased 0.86% for the
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¼”diameter fistula, while it decreased 6.73% in the ⅛” diameter fistula when the length
decreased from 7.5” to 5.5”.
When the fistula length was increased from the nominal length of 7.5” to 9.5” an increase
of distal flow 0.93% was seen in the ¼” diameter case, while no change was seen in the ⅛”
diameter case. Distal pressure decreased 3.22% and 4.62% for the ¼” and ⅛” diameter fistulas
respectively when the fistula was lengthened. With an error of ±2% for both the pressures and
flows, many of these changes are considered negligible.

Figure 65- Comparison of ¼” and ⅛” diameter fistula distal flow. 7.5” is considered the nominal length.

A final set of tests were done which tested the affect of fistula lengthening, exploring
lengths up to 36 inches. Presented below are the results of the tests which used a tapered
connector as opposed to a barbed connector. Table 25 below shows the test done with a 3.175
mm ID AVF with a custom tapered connector.
Table 25- Length tests done with custom tapered connector for a large range of AVF lengths.
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Test

AVF Length (inches)

AVF Flow (mL/min)

B56

36

125

B57

30

143

B58

24

164

B59

18

196

B60

12

236

B61

9.5

259

B62

7.5

283

B63

5.5

316

B64

3.5

332

B65

1.5

382
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Figure 66 shows that when examining the effects of drastically lengthened fistulas,
increases in both distal flow and pressure were seen when the fistula was lengthened. At a length
of 12 inches (30.5 cm) a distal flow of 75 mL/min ±2% was observed as compared to at a length
of 36 inches (91.4 cm) when distal flow was 89 mL/min ±2%. Distal pressure at a length of 12
inches was recorded at 81 mmHg ±2% as compared to a length of 36 inches when distal pressure
was found to be 83 mmHg ±2%. When the fistula length was 1.5 inches, a distal flow of 52
mL/min and distal pressure and 76 mmHg ±2% was observed.

Figure 66- Distal flow (red) and distal pressure (blue) as a function of length. Lengths were tested well outside
of the clinically applicable range of 12 inches. The set of tests shown above were done with a custom made
tapered connector (left). AVF Flow as a function of length. These tests were done with a custom made tapered
connector and for lengths well outside the clinically applicable range (12 inches

Overall, when the fistula was lengthened to 36 inches a 71.15% increase in distal flow
and an 8.21% increase in distal pressure as compared to the 1.5 inch fistula test case. AVF flow
was also a function of length. As shown above when the AVF is lengthened, flow through the
fistula decreases. When length of the fistula is 1.5 inches as compared to when it is 36 inches,
flow decreases from 328 mL/min ±2% to 125 mL/min ±2%.

4.3

DRIL
The third set of tests involved the implementation of the DRIL bypass. Figure 67 below

shows the model adapted with the AVF and DRIL bypass with labeled arterial and venous flow
as well as the site of the ligation.
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AVF

DRIL
Ligation

Figure 67- The native circulation adapted with an AVF and the DRIL procedure. The red arrows represent
the arterial flow and the blue arrows represent the venous flow. Ligation would be performed at the arterial
segment just distal to the AVF.

4.3.1

Normal Blood Pressure and the Effects of Interval Ligation
The first set of experiments tested the effect of ligation under normal blood pressure
pre

conditions and with collateral in place. Average systolic over diastolic blood pressure was
123/63 mmHg. Below, in Table 26
26, the tests used for these experiments are listed. Tests in test
set ‘C’ were performed with the DRIL bypass in the circulation but occluded completely at times
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when not in use. These tests were used for the direct comparison on the improvement of distal
flow and pressure.
Table 26- Tests performed to compare the effects of DRIL bypass and interval ligation

Test Setup

Tests

Native Circulation (NC)

A8/C13

AVF

B1/C9

DR no IL

C5/C21

DRIL

C1/C17

As shown in Figure 68 below, under these conditions, distal revascularization with no
interval ligation (DR no IL) yields a distal flow and pressure of 68 mL/min and 64 mmHg ±2%
respectively. When interval ligation occurs, distal flow is increased to 79 mL/min ±2% and distal
pressure increases to 66 mmHg ±2%. This is a 15.44% increase in flow and 1.72% increase in
distal pressure.

Figure 68- Distal Flow and Distal Pressure when the DRIL bypass is put into place, without interval ligation
(DR no IL) and with interval ligation (DRIL). A 15.44% increase in distal flow and a 2.03% decrease in distal
pressure ±2% were observed (left). Flow in the distal brachial segments of the arterial circulation (right).

When compared to the native circulation (NC) and the circulation adapted with just the
AVF, the most notable change in flow pattern occurred in the 1st and 2nd distal brachial segments
(distal to the AVF). Without ligation, flow in the 1st distal brachial is retrograde at -304 mL/min
±2% as compared to 170 and 10 mL/min ±2% in the native circulation and with the AVF
respectively. Flow with ligation is 0. Flow to the 2nd distal brachial is 171, 9, 36, and 54 mL/min
±2% for the NC, AVF, DR no IL, and DRIL procedure respectively. Additionally, DRIL flow
with and without interval ligation was 55 and 329 mL/min ±2% respectively.
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As shown in Figure 69 below, the AVF flow remains constant while it is in place in the
circulation. For the AVF, DR with no IL, and the DRIL procedure, AVF flow is 923, 973, and
957 mL/min ±2% respectively.

Figure 69- AVF flow for the native circulation (NC), AVF, DR with no IL, and DRIL procedure. When the
AVF is in place, flow to it remains relatively constant.

As shown in Figure 70, when observing the mean pressure at each connector, high
arterial pressure is maintained throughout the arterial side (connectors 1-8) for the native
circulation (blue markers). A significant pressure drop is observed at the 1st proximal brachial
artery (connector 3), for the AVF, and DRIL procedures. No significant difference in the
hemodynamics can be observed by examining the overall systemic pressures.

Figure 70- Position and mean pressures at each connector for the native circulation (blue), AVF (purple),
DRI no IL (green) and RIL (red).
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However, when taking into consideration the brachial artery from connector 5
(bifurcation of AVF, 2nd proximal brachial, and 1st distal brachial), and connector 9 (the hand
compliance chamber), a significant increase can be seen when interval ligation is performed as
compared to the DR no IL and AVF. At connector 7 (radial- ulnar bifurcation), pressure for
DRIL, DR no IL and AVF are 70, 68 and 68 mmHg ±2% respectively.
Finally, as shown in Figure 71, when comparing the distal flow and distal pressure to the
native circulation, the circulation with an AVF, DR with no IL and DRIL the best and worst case
scenario can be assessed. Distal flow for the native circulation, DRIL, DR no IL and AVF are
206, 79, 68, and 63 mL/min ±2% respectively. Likewise, the distal pressure for the native
circulation, DRIL, DR no IL and AVF are 90, 67, 68, and 65 mmHg ±2% suggesting that with an
AVF the DRIL procedure has the best opportunity for distal perfusion.

Figure 71- Direct comparison of the distal flow and pressure for the native circulation (NC), AVF, DR with
no IL, and DIRL procedure.

Overall, as compared to the native circulation, with an AVF in place and DRIL occluded,
a 15.11% decrease in distal pressure and a 64.62% decrease in distal flow are observed. When a
distal revascularization is in place, as compared to the AVF circulation, a 0.14% increase in
distal pressure and a 27.10% increase in distal flow is observed. Finally, with ligation, as
compared to just distal revascularization, a 1.72% increase in distal pressure and a 15.44%
increase in distal flow is observed. All flows and pressure have a tolerance of ±2%.
4.3.2

Hypertension and the Effects of Interval Ligation
The second set of experiments, with the DRIL bypass in place, tested the effects of

hypertension on the effectiveness of the DRIL procedure and the importance of interval ligation.
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Blood pressure averaged 150/74 mmHg systolic over diastolic, as compared to 123/63 mmHg for
the normotensive case. Hypertension was induced by increased cardiac output. Below, in
Table 27, the tests used for these experiments are listed. Test in test set ‘C’ were
performed with the DRIL bypass in the circulation but fully occluded at times when not in use.
These tests were used for the direct comparison on the improvement of distal flow and pressure.
Table 27- Tests performed to compare the effects of DRIL bypass and interval ligation

Test Setup

Tests

Native Circulation (NC)

A9/C14

AVF

B2/C10

DR no IL

C6

DRIL

C2

As shown in Figure 72, distal flow and distal pressure both increase when interval
ligation is performed. Distal flow increases from 86 to 102 mL/min ±2% for the hypertensive
case as compared to an increase of 68 to 79 mL/min ±2% in the normotensive case when ligation
is performed. Distal pressure increases from 75 to 76 mmHg ±2% as compared to an increase
from 66 to 68 mmHg ±2% in the normotensive case. Both distal flow and pressure are elevated
as compared to the normotensive cases.

Figure 72- The effects of interval ligation on distal flow and pressure for the normal and hypertensive cases.
Hypertension increases both distal flow and pressure. Both distal flow and pressure are increased with
interval ligation.

Flow through the DRIL bypass for the normotensive case is 55 and 329 mL/min ±2%
with and without interval ligation respectively. For the hypertensive case, flow through the DRIL
bypass is 60 and 386 mL/min ±2% with and without interval ligation respectively. Like the
normotensive case, AVF flow is again maintained with hypertensive blood conditions. With the
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just AVF, DR no IL and DRIL, AVF flow is 1117, 1137, and 1082 mL/min ±2% respectively.
Again, the AVF flow is elevated under hypertensive conditions.

Figure 73- Comparison of flow through the DRIL bypass with and without ligation (left). Comparison of the
AVF flow for the normal (red) and hypertensive (pink) cases with the native circulation, AVF, DR no IL and
DRIL procedure (right).

As shown in Figure 74, distal follows the same trend under hypertensive conditions as it
does under normal blood pressure when the native circulation is compared to the AVF, DR with
no IL, and DRIL procedure. Distal flow for the native circulation, DRIL, DR no IL and AVF are
254, 102, 86, and 80 mL/min ±2% respectively under hypertensive settings. Likewise, the distal
pressure for the native circulation, DRIL, DR no IL and AVF are 109, 76, 75, and 73 mmHg
±2% suggesting again that after the native circulation, the DRIL procedure has the best
opportunity for distal perfusion.

Figure 74- Comparison of normal (pink) and hypertensive (red) cases for distal flow (left). Comparison of the
normal (light blue) and hypertensive (dark blue) cases for distal pressure (right).

Overall, as compared to the native circulation, with an AVF in place and DRIL occluded,
a 19.10% decrease in distal pressure and a 63.28% decrease in distal flow are observed. When a
distal revascularization is opened, as compared to the AVF circulation, a 1.09% increase in distal
pressure and a 21.99% increase is distal flow is observed. Finally, with ligation, as compared to
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just distal revascularization, a 2.14% increase in distal pressure and an 18.60% increase in distal
flow are observed. All flows and pressure have a tolerance of ±2%.
4.3.3

DRIL without Collateral for Normotensive and Hypertensive Cases
For both the normal and hypertensive cases, when collateral flow was removed, similar

tends were seen. Therefore, presented below are the figures of the hypertensive cases. However,
both the normal and hypertensive results are reported. Shown below in Table 28 are the tests
performed under both normal and hypertensive settings to test the effects of collateral when the
DRIL bypass is in place.
Table 28- Tests performed to examine the effect of collateral when the DRIL bypass is in place

BP

Test Setup

Test

Native Circulation (NC)

C15 (C16)

Normal

AVF

C11 (C12)

(HTN)

DR no IL

C7 (C8)

DRIL

C3 (C4)

Figure 75 below shows the change in distal flow in the hypertensive case when collateral
is in place. With hypertension in the native circulation, AVF, DR no IL and DRIL procedure
distal flows are 244, 71, 79 and 93 mL/min ±2% respectively without collateral compared to 254,
80, 86, and 102 mL/min ±2% respectively with collateral. With normal blood pressure in the
native circulation, AVF, DR no IL and DRIL procedure distal flows are 174, 46, 53 and 66
mL/min ±2% respectively without collateral compared to 206, 63, 68, and 79 mL/min ±2%
respectively with collateral. This shows that under both the normal and hypertensive cases,
collateral flow slightly improves distal flow in all circulation cases.
Similar to distal flow, distal pressure is also improved slightly in both the hypertensive
and normal blood pressure cases when collateral flow is present. With hypertension in the native
circulation, AVF, DR no IL and DRIL procedure distal pressures are 103, 69, 72 and 74 mmHg
±2% respectively without collateral compared to 109, 73, 75, and 76 mmHg ±2% respectively
with collateral. With normal blood pressure in the native circulation, AVF, DR no IL and DRIL
procedure distal pressures are 86, 61, 65, and 67 mmHg ±2% respectively without collateral
compared to 90, 65, 64, and 66 mmHg ±2% respectively with collateral.
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Figure 75- Change in distal flow in the hypertensive case with (red) and without (pink) collateral flow (left).
Change in distal pressure in the hypertensive case with (light blue) and without (dark blue) collateral flow
(right).

In the DRIL case in which ligation is performed, with normal blood pressure, without
collateral a 0.47% decrease in distal pressure and 16.56% decrease in distal flow is observed.
Under hypertension, a 2.72% decrease in distal pressure and an 8.82% decrease in distal flow are
observed without collateral under the DRIL procedure. Both the pressure and flow have an error
tolerance of ±2% indicate that a minimal change occurred to distal pressure when collateral flow
does not exist.
4.3.4

Adjusting DRIL flow
The final set of experiments altered the flow through the DRIL bypass. The primary goal

of these tests was to observe if indeed there was a change in distal flow and pressures when
ligation was performed. By clamping down on the vessel the effective resistance was increased
and is akin to decreasing the diameter of the bypass. Table 29 shows the tests done to examine
the effect of interval ligation on varying DRIL flows for both the normal and hypertensive cases.

Table 29- Tests of the effects of interval ligation on varying DRIL flows

% of fully opened DRIL Flow

Test (Hypertensive Test)

DRIL Flow (mL/min)

100%

C17 (C18)

48 (61)

75%

C25 (C26)

51 (63)

50%

C33 (C34)

43 (52)

25%

C41 (C42)

34 (44)

<25%

C49 (C50)

28 (31)
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Below in Figure 76, the percent increase of distal flow with interval ligation is shown to
be positive in every test. This indicates that in every case it is beneficial to distal flow to ligate
the 1st distal brachial artery. In the normotensive case, this increase in distal flow is maximized at
75% of total DRIL flow when distal flow increases from 59 to 72 mL/min ±2% to yield a
22.03% increase for the normotensive case and an increase from 80 to 97 mL/min ±2% to yield a
21.25% increase for the hypertensive case . The highlighted bar represents the approximate flow
that would be present at an inner diameter of ⅛”.
Likewise, the increase in distal pressure with interval ligation is also shown below. As in
the distal flow, distal pressure increases in every flow case. Additionally, the difference in distal
pressure is also maximized at 75% DRIL flow with an increase of 4.79 mmHg for the
normotensive case and 5.63 mmHg ±2% for the hypertensive case.

Figure 76- Percent increase in distal flow with interval ligation for both the normal (red) and hypertensive
(pink) cases. The bar indicates the approximate flow that would be present at an inner diameter of ⅛”.
Increase in distal pressure in mmHg when interval ligation is performed for the normal (dark blue) and
hypertensive (light blue) cases.

4.4
4.4.1

Summary of Results
Hypertension
For the native circulation (NC) when hypertension is simulated with increased cardiac

output (HTN_CO) a 22.47% increase in distal pressure and a 32.47% increase in distal flow is
observed as compared to normal blood pressure. This is compared to when hypertension is
simulated with increased peripheral vascular resistance (HTN_PVR) and an increase of 22.65%
in distal pressure and a 42.07% increase in distal flow is observed as compared to normal blood
pressure.
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Table 30- Examination of the effects of HTN_CO and HTN_PVR in the NC case

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

NC, HTN_CO

+22%

+32%

NC, HTN_PVR

+23%

+42%

*as compared to native circulation at normal blood pressure conditions

With an arteriovenous fistula (AVF) in place and hypertension is simulated with
increased cardiac output, an increase of 15.18% in distal flow and a 31.78% increase in distal
pressure is observed when compared to the normotensive case. Similarly, when hypertension is
simulated with increased peripheral vascular resistance an 11.79% increase in distal flow and a
39.25% increase in distal flow is observed as compared to normal blood pressure.
Table 31- Examination of the effects of HTN_CO and HTN_PVR in the AVF case

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

AVF, HTN_CO

+15%

+32%

AVF, HTN_PVR

+12%

+39%

*as compared to AVF circulation at normal blood pressure conditions

4.4.2

Collateral
For the native circulation with normal blood pressure (Norm BP), when collateral is

excluded from the flow, a 3.81% decrease in distal pressure and a 2.91% decrease in distal
pressure is observed as compared to when collateral flow exits. When under hypertension (high
cardiac output), a 1.91% decrease in distal pressure and a 2.91% decrease in distal flow is
observed when the native circulation is without collateral flow.
Table 32- Examination of the effects of collateral in the NC case

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

NC, Norm BP, no collateral

-4%

-2%

NC, HTN_CO, no collateral

-2%

-3%

*as compared to native circulation at normal and hypertensive blood pressure conditions with collateral

With an artierovenous fistula in place with normal blood pressure, distal pressure
decreases by 2.89% and distal flow decreases by 14.02% when collateral is taken away. Under
hypertension with increased cardiac output, a 2.04% decrease in distal pressure and a 12.91%
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decrease in distal pressure is observed when collateral is taken away. Similarly, under
hypertension with increased peripheral vascular resistance, a 1.72% decrease in distal pressure
and a 10.07% decrease in distal flow is observed when collateral flow is excluded.
Table 33- Examination of the effects of collateral in the AVF case

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

AVF, Norm BP, no collateral

-3%

-14%

AVF, HTN_CO, no collateral

-2%

-13%

AVF, HTN_PVR, no collateral

-2%

-10%

*as compared to AVF circulation at normal and hypertensive blood pressure conditions with collateral

With the native circulation adapted for an AVF and distal revascularization and interval
ligation (DRIL), a 0.47% increase in distal pressure and a 16.56% decrease in distal flow is
observed with normal blood pressure and when collateral is taken away. When collateral is taken
away under hypertension with increased cardiac output, a 2.72% decrease in distal pressure and a
8.82% decrease in distal flow is observed.
Table 34- Examination of the effects of collateral in the DRIL case

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

DRIL, Norm BP, no collateral

0%

-17%

DRIL, HTN_CO, no collateral

-3%

-9%

*as compared to DRIL circulation at normal and hypertensive blood pressure conditions with collateral

4.4.3

Diameter
When the AVF was moved in from its most distal to its most proximal location, a 4.58%

increase in distal pressure and a 2.83% increase in distal flow are found. When the AVF was
moved distally, a 1.23% and 0.93% decrease in distal pressure and flow was found respectively.
Table 35- Examination of the effects of altering the position of the AVF

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

AVF, 1/8” ID

+36%

+178%

AVF, 1/16” ID

+41%

+205%

*as compared to the nominal AVF diameter of ¼” ID
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4.4.4

Position
When the AVF was moved in from its most distal to its most proximal location, a 4.58%

increase in distal pressure and a 2.83% increase in distal flow are found. When the AVF was
moved distally, a 1.23% and 0.93% decrease in distal pressure and flow was found respectively.
Table 36- Examination of the effects of altering the position of the AVF

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

AVF, proximal

+5%

+3%

AVF, distal

-1%

-1%

*as compared to the most distal position of the AVF

4.4.5

Length
When an AVF of an inner diameter of 6.35 mm is lengthened from 5.5 inches to 11.5

inches, a 3.85% increase in distal pressure and a 15.35% increase in distal flow are observed.
When an AVF of an inner diameter of 3.18 mm is lengthened from 3.5 to 11.5 inches and a
custom connector is used, a 4.27% increase in distal pressure and a 20.97% increase is distal
flow are observed.
Table 37- Examination of the effects of lengthening the fistula

Condition

% ∆ in Distal Pressure*

% ∆ in Distal Flow*

AVF, 11.5”, D = 6.35 mm

+4%

+15%

AVF, 11.5”, D = 3.18 mm

+0%

+17%

*as compared to an AVF length of 5.5”

4.4.6

DRIL Procedure
When the native circulation is adapted for an AVF under normal blood pressure

conditions, distal pressure decreases by 15.11% and distal flow deceases by 64.62%. When the
circulation with the AVF is adapted with a DRIL bypass (no interval ligation), distal pressure
increases by 0.14% and distal flow increases by 27.10%. When interval ligation is implemented,
a 1.72% increase in distal pressure and a 15.44% increase in distal flow are observed as
compared to just the distal revascularization with no interval ligation.
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Table 38- Examination of the effects of adapting the circulation to an AVF, DR (no interval ligation), and
DRIL under normal BP conditions

Condition

% ∆ in Distal Pressure

% ∆ in Distal Flow

AVF, Norm BP*

-15%

-65%

DR no IL, Norm BP**

+0%

+27%

DRIL, Norm BP***

+2%

+15%

*as compared to native circulation with normal blood pressure
**as compared to AVF, Norm BP
***as compared to DR no IL, Norm BP

In the hypertensive case with increased cardiac output, when the native circulation is
adapted with an AVF, distal pressure decreases by 19.10% and distal flow decreases by 63.28%.
When the circulation with the AVF is adapted with a DRIL bypass with no interval ligation, a
1.09% increase in distal pressure and a 21.99% increase in distal flow are observed. As
compared to the circulation with just the distal revascularization and no interval ligation, when
interval ligation is performed, a 2.14% increase in distal pressure and an 18.60% increase in
distal flow are observed.
Table 39- Examination of the effects of adapting the circulation to an AVF, DR (no interval ligation), and
DRIL under hypertensive BP conditions

Condition

% ∆ in Distal Pressure

% ∆ in Distal Flow

AVF, HTN_CO*

-19%

-63%

DR no IL, HTN_CO**

+1.09%

+22%

DRIL, HTN_CO***

+2%

+19%

*as compared to native circulation with normal blood pressure
**as compared to AVF, HTN_CO
***as compared to DR no IL, HTN_CO

Error tolerance for both flow and pressure is ±2%.

4.5

AVF Resistance
As discussed previously in the Introduction section, two primary methods of predicting the

resistance of a vessel exist, Poiseuille’s Law and Womersley Impedance model. To analytically
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predict the resistance of AVF, these two methods were used. The analytical predictions were
compared to the experimentally found resistance using the change in pressure across the vessel
over the flow rate, and can be stated as R = ∆P/Q. The tests used to compare the analytical to
experimental results were three diameter tests of the independent study (¼” ID, ⅛” ID, and ⅟16”
ID) all of nominal lengths and position, and the length experiments using two different diameters
(¼” ID and ⅛” ID) as described in Table 24.

4.5.1

Diameter
The first set of experiments from which analytical calculations were compared to the

experimentally found resistances was that of the diameter. The diameter tests were done as an
independent study.
The first approach to match in the analytical to experimental results came from
Poiseuille’s Law as described above. A second approach using Poiseuille’s Law took into
consideration the tapering of the AVF. Initially, only the final AVF diameter was taken into
consideration when calculating the resistance of the vessel. From the bifurcation of the brachial
artery to the main AVF diameter, a connector was put in place to “step” down to the actual listed
AVF diameter.
Equations (28)-(30) describe the step- down method of calculating the resistances in a
three section AVF fistula. Section 1 and Section 2 are multiplied by 2 to account for symmetry.
128 !`abcdYe

#`abcdYe

(28)

!`abcdYe -`abcdYe
0
`abcdYe ./
`abcdYe sin f/ `abcdYe

(29)

`abcdYe 
`abcdYe 

cYcgh  2 · `abdYe 7 2 · `abdYe 7 `abdYe;

(30)

The third approach used Womersley Impedance method as described above and in the
introduction. Womersley method was then corrected using the tapering diameter methods as
described above.
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As shown in Table 40, correction of the experimental values using Bernoulli yielded no
difference in for each diameter as compared to the original calculations of the AVF resistances.
Error tolerances for experimentally found resistances are ±2.82%.
In an attempt to correct the experimental calculations a final approach took into
consideration Bernoulli’s equation and attempted to correct any errors in the original
experimental results. Bernoulli’s equation was used to correct for possible errors in reading
pressures at junctions. For most connectors, pressure taps existed directly at the bifurcation of
two vessels and therefore it was predicted that the actual pressure at the beginning of the AVF
was slightly different. Bernoulli’s equation states:
   7

Z  Z
ρ
2

(31)

Where P2 is the unknown pressure, P1 is the known pressure in the first vessel, v1 and v2

are the velocities of the 1st and 2nd vessels respectively, and > is density.

For the analytical calculations, the uncorrected Poiseuille’s Law grossly overestimates

the resistance in the fistula especially at the smaller diameters. For an inner diameter of ⅟16”,
experimentally calculated resistances were found to be 467 mmHg/L/min, where as Poiseuille’s
Law predicts a resistance of 5,194 mmHg/L/min. This was greatly improved by the diameter
corrections where at the smallest diameter, resistance was found to be 2,517 mmHg/L/min,
nearly half the originally calculated Poiseuille’s Law resistances. Womersley impedance method
proved to be an even more accurate method of predicting the resistances in the vessel with a
resulting resistance at the smallest diameter of 2,278 and 506 mmHg/L/min for the uncorrected
and corrective impedance methods respectively.
Table 40- Comparison of Experimental Found and Analytically Calculated Resistances

Experimental

Diameter

AVF

AVF

with

w/o

Analytical

Bernoulli

collateral collateral
mm

Poiseuille’s

Corrected

Womersley

Corrected

Law

Poiseuille’s

Impedance

Impedance

mmHg/L/min

mmHg/L/min

6.35

14

13

14

20

20

27

26

3.175

131

145

131

325

245

364

242

1.5875

467

515

467

5194

2517

2278

506

Nicole A. Varble

108

As shown below in Figure 77, when the resistance is plotted against diameter for the
three methods described above, Womersley Impedance method most accurately predicts the
experimentally found results.

Figure 77- Comparison of experimentally found and analytically calculated resistances as a function of AVF
diameter. It was found that Womersley Impedance method most accurately predicts the resistance of the
AVF with varying diameters.

Finally, as shown in Figure 78, when the corrected Womersley Impedance method is
plotted with the resistance results of the AVF circulation both with and without collateral, it is
shown that the method closely predicts the effective resistance of the AVF.

Figure 78- Resistance vs. Diameter comparison of the experimentally found resistances for the AVF
circulation with and without collateral and the analytically calculated Womersley Impedance method.
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4.5.2

Length
Examined second was the two test sets in which length was altered. Recall that according

to Poiseuille’s Law resistance can be stated as:

Where, µ is viscosity and L is length [5].

128 !
#

(32)

Also recall that in Womersley’s Impedance model recall that resistance is found through the
following:
'jkj[)*+' 

! -
0 sin 4/
  ./

(33)

Constants used for both methods are listed below in Table 41.

Table 41- Constants of Poiseuille’s Law and Womersley Impedance Method used to calculate analytical
resistance

fh
ω
viscosity
>

62
1.03
6.49
0.0034
1060

bpm
bps
rad/s
Pa-s
kg/m^3

The results from calculating resistance for a diameter of 6.35 mm based on Poiseuille’s
Law and Womersley are listed below in Table 42.
Table 42- Experimental Resistance as compared to and Analytical Resistances based on both Poiseuille’s Law
and Womersley Impedance for nominal diameter (1/4” ID)

Length

Test

in
3.5
5.5
7.5
9.5
11.5

Ld
B37
B1
B33
B29

dP

Q

RExperimental

mL/min

Womersley
Number
-

mmHg
18.03
13.11
16.8
14.87
16.21

1349
911
936
857
915

4.52
4.52
4.52
4.52
4.52

13
14
18
17
18

RPoiseuille

RWomersley

mmHg/L/min
9
15
20
26
31

13
20
27
34
41

Furthermore, the resistance of the AVF as a function of length is shown below in Figure
79. Both Poiseuille’s Law and Womersley predict a linearly increasing trend, where the
experimental results suggest that length does not strongly affect the resistance. Womersley
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Impedance correctly predicts resistance at a length of 3.5 inches and Poiseuille’s Law correctly
predicts resistance at 5.5 inches.

Figure 79- Comparison of experimentally calculated resistance (red) to analytically calculated resistances
based on Poiseuille’s Law and Womersley Impedance. The relationship between length and resistance is
shown. This is for the nominal fistula ID of ¼”.

The results from calculating resistance for a diameter of 6.35 mm based on Poiseuille’s
Law and Womersley are listed below in Table 43.
Table 43- Experimental Resistance as compared to and Analytical Resistances based on both Poiseuille’s Law
and Womersley Impedance method for small diameter (1/8” ID)

L

Test

in
1.5
3.5
5.5
7.5
9.5

dP
mmHg

B41
B42
B43
B44
B45

55.34
54.92
54.95
55.44
56.43

Q

Womersley RExperimental
RPoiseuille
RWomersley
number
mL/min
mmHg/L/min
286
291
284
276
253

2.26
2.26
2.26
2.26
2.26

193
189
193
201
223

70
157
243
330
417

80
177
274
371
468

As with the larger diameter AVF, the resistance with a fistula diameter of 3.175 mm is
not strongly dependent on length based on experimental results. As shown in Figure 80, both
Poiseuille’s Law and Womersley predict a linearly increasing trend. Both Poiseuille’s Law and
the Womersley Impedance method correctly predict resistance at a length of 3.5 inches.
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Figure 80- Comparison of experimentally calculated resistance (red) to analytically calculated resistances
based on Poiseuille’s Law and Womersley Impedance method. The relationship between length and
resistance is shown.

Womersley number for the femoral artery of a man was found to be 4.0 at a heart rate of
70 bpm [5]. The AVF was made from the same tubing as the brachial artery and with a heart rate
of 62 bpm, a Womersley number of 4.52 was found. When the clinical lengths (from 1.5 inches
to 9.5 inches) were run with a reducing coupling, a slight decrease in experimentally found
resistance is shown. A significant drop in resistance is seen when the custom tapered connector
was used.
Table 44 below shows the experimentally calculated resistances for the clinical range for
both the barbed wye connector, the barbed straight coupling and the custom tapered connector.
Table 44- Experimentally calculated resistances for three different connectors, the barbed wye, he barbed
straight coupling, and the custom tapered connector.

Resistance of Clinical

Resistance of Clinical

Resistance of Clinical

Lengths

Lengths

Lengths

(mmHg/L/min)

(mmHg/L/min)

(mmHg/L/min)

Connector: Barbed

Connector: Barbed

Connector: Custom

Wye

Straight Coupling

Tapered

1.5

193

127

40

3.5

189

126

54

5.5

193

135

62

7.5

201

143

82

9.5

223

151

87

Fistula Length
(in)
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By analyzing the difference in resistances for these lengths with two different connectors,
this indicates that a resistance of 63 mmHg/L/min ±2.82% is associated with both of the wye
connectors. An additional 87 mmHg/L/min is associated with the straight barbed connector.
Assuming that little resistance is caused by the tapered connector, it can be assumed a 35
mmHg/L/min is due to the entrance factors. Figure 81 below shows that there is still a weak
correlation between length and resistance in the clinical range and with increasingly smooth and
straight connectors, less resistance is seen.
When the AVF was lengthened beyond the clinical range (12 inches to 36 inches), a
linear correlation between fistula length and resistance was found. This was done for three cases,
with the straight barbed connector and custom tapered connector under the normal circulatory
loop and when the distal circulation was occluded with the straight barbed connector. As shown
below, no difference in value was seen when the distal circulation was occluded

Figure 81- AVF Resistance as a function of AVF length in the clinically applicable range (under 12 inches).
(top). AVF resistance as a function of AVF length for the straight barbed connector (red), the custom tapered
connector (green) and when the distal circulation is occluded with the barbed straight connector (orange).

Shown below in Table 45, the proportional increase in length and calculated experimental
resistances do not match indicating that resistance does not increase in proportion to length as

Nicole A. Varble

113

suggested in Poiseuille’s Law and Womersley’s Impedance method. Because the proportional
increase in resistance is always above 1.0, it is clear that resistance does increase with length but
not directly proportional to it. The average ratio of proportional increase in resistance to
proportional increase in length is 0.86.

Table 45- The proportional increase in each increase in length and the accompanying increase in resistance.

Length
3.5
5.5
7.5
9.5
12
18
24
30
36

Proportional Increase in Length
2.33
1.57
1.36
1.27
1.26
1.50
1.33
1.25
1.20

Proportional Increase in Resistance
1.34
1.15
1.32
1.07
1.21
1.27
1.26
1.18
1.17

The average proportion of experimental resistances to analytical resistances is 0.22. With
a correction factor of 0.22, Womersley’s Impedance Method more closely resembles the
experimental as shown in Figure 82 below.

Figure 82- Womersley's number with a length correction factor. Womersley's Impedance method is shown
with a correction factor of 0.22, is shown to more closely resembles the experimental data with a custom
connector.
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4.5.3

Resistance as a predictor of AVF sizing
When examining the normal and hypertensive cases of the AVF, it is found that the

resistances vary slightly. Under hypertensive conditions resistance is slightly elevated. At 100%,
or fully open AVF flow, resistances for the normal and hypertensive cases are 18 and 20
mmHg/L/min ±2.82% respectively. At 25% AVF flow, resistances are 254 and 272
mmHg/L/min ±2.82% for the normal and hypertensive cases respectively. Flow was limited by
increasingly clamping down on the vessel, and for both the normal and hypertensive cases; the
clamp was not altered as to keep the effective limitation on flow the same.
When combining the results of all tests used in the experimental and analytically
calculated resistances with experimentally found resistances found in previous tests which alter
the AVF flow, a defining exponential curve is the result. As found in Figure 83, when the AVF
flow is compared to resistance, the corrected Womersley Impedance method fairly accurately
lies along the same curve as the experimental values.

Figure 83- AVF Flow vs. Resistance. This figure finds that the corrected Womersley method (pink dots)
accurately lies along the same exponential curve as experimentally found resistance.

A pressure- flow curve was produced by combining all experimental cases. The
hypertensive cases with and without collateral, a slightly elevated P-Q curve is found as
compared to the normotensive cases. Also, it found that in all cases in which the length is varied,
the points stay in the relatively same point along the P-Q curve indicated that resistances will
alter little when the length is change.
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Figure 84- Flow vs. pressure for the all experimental cases. Notice that when the length is changed, the
effective position on the curve remains the same.

Finally, resistance was calculated analytically based on the Womersley Impedance
method. By selecting a length and diameter, the resulting resistance can be estimated using the
surface plot below in Figure 85.. Resistances are in mmHg/L/min. The nominal case of a 6 mm
diameter and a 18 cm length yields a resistance of 23 mmHg/L/min.
3
4
5

Good AVF Flow

6
7
8

High AVF Flow
9

Diameter (mm)

Low AVF Flow

60-80
40-60
20-40
0-20

10
10 12

14 16 18

20 22

24 26

Length (cm)
Figure 85- Resistance based on length and diameter, calculated using the Womersley impedance method. The
nominal case of a 6 mm diameter and 18 cm length yields a resistance of 23 mmHg/L/min.
mmHg/L/m

Resistances can be translated into the fistula flow and change in pressure across the
vessel. If 600 mL/min is considered normal fistula flow, a corresponding pressure drop of 14
mmHg can be expected across the vessel for the case of which resistance is 23 mmHg/L/min. In
both charts, the red region corresponds to a resistance value between 20 and 40 mmHg/L/min.
This range is applicable to both the nominal length, diameter and fistula flow of 600 mL/min. A
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high resistance (green and purple areas) will result in too low of an AVF flow, whereas a low
resistance (blue) will result in a high AVF flow but poor distal perfusion.
300
400
Flow (mL/min)

500
600
700
800
900

60-80
40-60
20-40

1000

0-20

1100
1200
4

8 12 16 20
∆P (mmHg)

Figure 86- Relationship of change in pressure to flow as it relates to various resistances. The red area reflects
adequate fistula flow, whereas at lower resistances will results in high fistula flow and low distal perfusion,
and conversely for high resistances.

4.6

Mathematical Model
The resulting arterial blood pressure curve is shown below in Figure 87.. Due to the two

diodes, the negative suppression valve and the valve in series with the generated sine wave, the
pressure waveform has a striking similarity to physiologic waveforms. Furthermore, this
pulsatile waveform is maintiained throughout the arterial blood flow. The distal arterial flow
(distal brachial flow) is shown to be strongly pulsatile with a maximum flow of 92.48 mL/min
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Distal Arterial Flow (mL/min)

Arterial Blood Pressre (mmHg)

when the fistula diameterr is kept constant at 6 mm.
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0
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8.2
time (s)

8.4

8.6

-40

7

7.5

8

8.5
time (s)

9

9.5

10

Figure 87- Inflow arterial blood pressure waveform (right). Distal arterial flow vs. time in Simulink model
when the AVF diameter is kept constant at 6.35 mm (left)
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The flows, capacitances and resistances of each vessel are listed below in Table 46. These
properties were found at the nominal case of an AVF diameter of 6 mm when resistances were
calculated using Poiseuille’s Law.
4.6.1

Altering AVF Diameter- Poiseuille’s Law
The first simulation run calculated the resistances of the vessels based on Poiseuille’s

Law. The flows, capacitances and resistances of each vessel are listed below in Table 46. These
properties were found at the nominal case of an AVF diameter of 6 mm.

Table 46- Flows, Capacitances and Resistances (Poiseuille’s Law) calculated at the nominal case of an AVF
diameter of 6 mm

Vessel

Flow (mL/min)

Capacitance (mL/mmHg)

Resistance (mmHg/L/min)

Inflow

851

0.0227

2

Prox

851

0.0144

156

AVF

720

0.0438

20

Dist

92

0.0091

99

Radial/Ulnar

94

0.0024

869

Collateral

13

0.0032

16,741

This Simulink simulation is extremely useful when altering the diameter size of the
fistula with ease and quickness. When comparing the effects of the distal flow (or the flow in the
distal brachial arteries) to the AVF diameter a constantly decreasing distal flow is seen as the
AVF diameter is increasing, much like what was seen in the tests of the physical model. When
the AVF diameter is normalized at 6 mm (as in the physical model), distal flow is found to be
113 mL/min. As shown in Figure 88, distal brachial flow is minimized when the fistula is the
largest at 10 mm with a flow of 16 mL/min and is maximized when the fistula diameter is
smallest at 1mm with a flow of 777 mL/min.
A parameter that was highly analyzed in the physical model study was the flow to the
hand. Flow to the hand is very similar to that of the flow through the distal arteries. At the
nominal case, when the AVF diameter is kept constant at 6 mm, the flow to the hand is 114
mL/min. Flow to the hand is maximized at 775 mL/min when the AVF diameter is the smallest
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at 1 mm, and flow to the hand is minimized at 18 mL/min when the AVF diameter is the largest

800

800

700

700

600

600
Hand Flow (mL/min)

Distal Flow (mL/min)

at 10 mm.

500
400
300
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0
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4

5
6
7
AVF Diameter (mm)

8

9

10
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2

3

4
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7
AVF Diameter (mm)
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9

10

Figure 88- Distal flow (distal brachial arteries) vs. AVF Diameter as modeled in Simulink. Resistances were
calculated using Poiseuille’s Law (left). Hand flow (distal flow in the physical model) vs. AVF diameter as
modeled in Simulink. Resistances were calculated using Poiseuille’s Law (right).

In the physical model, flow through the AVF was varied instead of the AVF diameter.
Below, in Figure 89, the relationship between AVF flow and AVF diameter is able to be
quantified through the help of this Simulink model. At the nominal case of an AVF diameter of 6
mm, the flow through the vessel is 700 mL/min. When the AVF diameter is 1 mm, flow through
the vessel is 3.7 mL/min and when the AVF diameter is 10 mm, flow through the vessel is
maximized at 819 mL/min.
900
800

AVF Flow (mL/min)

700
600
500
400
300
200
100
0

1

2

3

4
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AVF Diameter (mm)
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9

10

Figure 89- AVF flow vs. AVF diameter as discovered through the Simulink model. Resistances were
calculated using Poiseuille’s Law.
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The flow at the nominal case of an AVF diameter of 6 mm in the Simulink model was
found to be 113 mL/min in the distal brachial arties. In the physical model, distal brachial artery
flow was found to be 133 mL/min ±2%. The hand flow in the Simulink model was found to be
114 mL/min at the nominal case, where as in the physical model, hand flow was maximized at
53 mL/min ±2% with the same properties. Finally, for the nominal case in the Simulink model,
AVF flow was found to be 700 mL/min where as in the physical model the AVF flow was 936
mL/min ±2%.
Additionally, like the physical model, the mathematical model shows that no retrograde
flow occurs in the distal brachial artery segment of the arterial blood flow under these geometric
and fluidic properties.
4.6.2

Altering AVF Diameter- Womersley Impedance Method
The second simulation run used Womersley’s Impedance Method to calculate the

resistances in the vessels. As shown below in Table 47, the flows at the nominal diameter case of
a 6 mm diameter, shows that in most cases, Womersley’s Impedance Method yields lower
resistance values than Poiseuille’s Law. Capacitances are the same in both cases and are shown
in Table 46 above.

Table 47- Flows and Resistances (Womersley Impedance) calculated at the nominal case of an AVF diameter
of 6 mm

Vessel

Flow (mL/min)

Resistance (mmHg/L/min)

Inflow

868

5

Prox

868

53

AVF

511

27

Dist

322

33

Radial/Ulnar

326

36

Collateral

13

5,656

The first parameter examined was the effects of the changing AVF diameter on the distal
flow. When compared to Poiseuille’s Law, Womersley’s method yields a second order
relationship between diameter and flow, unlike the forth order relationship found using
Poiseuille’s Law.
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Again, a decreasing distal flow is seen as the AVF diameter is increasing, much like what
was seen in the tests of the physical model. When the AVF diameter is normalized at 6 mm (as in
the physical model), distal flow is found to be 322 mL/min. As shown in Figure 90, distal
brachial flow is minimized when the fistula is the largest at 10 mm with a flow of 227 mL/min
and is maximized when the fistula diameter is smallest at 1mm with a flow of 649 mL/min.
At the nominal case, when the AVF diameter is kept constant at 6 mm, the flow to the
hand is 326 mL/min. Flow to the hand is maximized at 653 mL/min when the AVF diameter is
the smallest at 1 mm, and flow to the hand is minimized at 230 mL/min when the AVF diameter
is the largest at 10 mm.
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Figure 90- Distal flow (distal brachial arteries) vs. AVF Diameter as modeled in Simulink. Resistances were
calculated using Womersley’s Impedance Method (left). Hand flow (distal flow in the physical model) vs.
AVF diameter as modeled in Simulink. Resistances were calculated using Womersley’s Impedance Method
(right).

As stated previously, altering the flow is considered equivalent to altering AVF diameter
because both methods varied the resistances and monitored the effective change in distal flow
and pressure. Below, in Figure 91, the relationship between AVF flow and AVF diameter is able
to be quantified through the help of this Simulink model. At the nominal case of an AVF
diameter of 6 mm, the flow through the vessel is 511 mL/min. When the AVF diameter is 1 mm,
flow through the vessel is 166 mL/min and when the AVF diameter is 10 mm, flow through the
vessel is maximized at 609 mL/min.

Nicole A. Varble

121

650
600
550

AVF Flow (mL/min)

500
450
400
350
300
250
200
150

1

2

3

4

5
6
7
AVF Diameter (mm)

8

9

10

Figure 91- AVF flow vs. AVF diameter as discovered through the Simulink model. Resistances were
calculated using Womersley’s Impedance Method.

Finally, a comparison of the analytically found resistances and the mathematically found
resistances are shown below in Figure 92. Much like the analytically calculated resistances,
Poiseuille’s Law greatly overestimates the resistances at the lower diameters where as
Womersley’s Impedance method more accurately represents the resistances at smaller diameters.
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Figure 92- AVF diameter as compared to AVF resistances. Both analytically calculated resistances (green)
and mathematically calculated resistances (blue) are shown for resistances calculated via Poiseuille’s Law
(left) and Womersley’s Impedance Method (right).

Table 48- Mathematical resistances calculated using Simulink model as compared to experimental findings.
All resistances are reported in mmHg/L/min

AVF Diameter

1.5875 mm

3.175 mm

6.35 mm

Experimental Resistances

467

131

14

Womersley’s Impedance Method- Resistance

203

89

27

Poiseuille’s Law- Resistance

2034

251

20
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4.7

Literature Review Comparison

Schanzer reported that pressure in the distal brachial artery changed from 13- 30 mmHg when
the AVF was corrected with DR. It was also reported that a further improvement of 30- 58
mmHg when IL was performed [23]. This thesis research found that an improvement of distal
brachial artery pressure from 67-69 mmHg when an AVF was corrected with a DR and a further
improvement to 70 mmHg when IL was performed.

Lazaride suggested that symptoms occur in up to 80% of patients. Those that need a corrective
procedure have a decrease in pressure distal to the AVF of more than 50% [19]. In this thesis
work, a decrease in distal brachial artery pressure of 24% was found, indicating that by
Lazaride’s standards, this patient may not experience symptomatic ischemia.

Lazaride also suggests that elongation of the fistula would maintain flow while increasing
resistance. The research performed in the paper suggests that elongating the fistula does not
affect the resistance of the vessel and distal pressure and flow were marginally, but not
significantly, improved. Also, Lazaride suggested that peripheral vascular resistance promoted
retrograde flow in the distal arteries. The encompassing research presented in this paper found
that higher PVR actually improved distal perfusion by increasing both pressure and flow.

Illig found that distal pressure improved from 67- 104 mmHg when an AVF was corrected with
DRIL [27]. This research found that distal pressure was improved from 64 -66 mmHg when an
AVF was corrected with DRIL.

Sessa challenged that collateral close to the AVF actually minimized the affects of steal. He
stated that the DRIL bypass acts as a large collateral blood supply and it was found that distal
flow and pressure were improved by the collateral flow’s presence [26]. This research found that
collateral flow only marginally increased distal perfusion. Because collateral flow varies so
widely between patients, this is a difficult parameter to standardize. This thesis research suggests
however, that a larger number of collaterals have the potential to significantly increase distal
pressure and flow.
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Minion predicted that fistula lengthening may help prevent steal but stated that no significant
change in distal perfusion was found. He stated that further research must be done to verify or
refute the importance of fistula lengthening [21]. The research done throughout this thesis has
shown that length has little to do with the altercation of distal perfusion because of the weak
correlation between fistula length and resistance. Minion also suggested that ligation is
important and essential to maximizing distal perfusion. This theory is confirmed through the
encompassing thesis work.

Korzets found a lack of adequate collateral flow lead to symptomatic ischemia [24]. Although,
through the research of this paper it was found that the inclusion of collateral did improve distal
perfusion, it did not significantly alter the hemodynamics of the system by either preventing or
promoting steal.

Zanow found that the more proximal the AVF the higher the distal arterial pressure. This is
confirmed in the independent study when a fistula placed more distally resulted in a lower distal
perfusion. Zanow also found that with a DR, distal pressure was improved 80% and distal flow
was improved 67%. When IL was performed, a 98% improvement in distal pressure and an 85%
improvement in distal flow were found [30]. This thesis research found that with DR, distal
pressure was improved 0.14% and distal flow was improved 27%. When interval ligation was
performed, distal pressure was improved 2% and distal flow was improved 47%.
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5

Conclusions

Like the results section, the conclusions will first discuss the physical model beginning with the
native circulation, then the native circulation with the AVF and finally, the native circulation
with the AVF and DRIL bypass. The final section of the conclusions will discuss the
mathematical model.
5.1
5.1.1

Native Circulation
Compliance Chamber
The sophistication of the capillary bed was captured best in the in-line to the flow

compliance chamber. This setup most accurately represents in vivo results. All compliance
chamber setups resulted in a significantly dampened waveform. Additionally, all mean venous
pressures were comparable to that measured in vivo. However, the in-line flow compliance
chamber yielded the greatest pressure differential between connectors 2 and 12. This result is
indicative of the most amount of damping. It cannot be concluded that there is a difference in
pressure between the perpendicular flow compliance chamber and the model without a
compliance chamber due to error.
The in-line flow compliance chamber has the ability to dampen flow by means of a high
resistance, high capacitance chamber. The ideology behind using a compliance chamber in the
arteriovenous model was to create a simple solution to the capillary bed of the hand. Simply by
diminishing the radius of the vessel without a compliance chamber in place, a significantly
dampened waveform was produced on the venous side which has been found to be a pressure
equalizer. The advantage that the in-line or side stream flow compliance chambers have over the
no compliance chamber is controllability. The user has the ability to set the height of the fluid in
the chamber as well as pressurize the air on the top of the chamber. These two features allow for
adjustability of resistance and capacitance at the hand and, consequently, the amount of damping
which occurs on the venous side.
It is shown that the Hemodynamic Simulator indeed produces physiologic flow
magnitude and waveforms. The leading edge of the pulsatile peak appears steeper than the
trailing edge. As discussed in the introduction, this particular shape is similar to that found in
vivo. Quantifying the hand compliance chamber’s affects on the system through resistance and
compliance will add to the accuracy to the model.
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5.1.2

Normotensive and Hypertensive Settings
Hypertension is simulated by increasing cardiac output or increasing peripheral vascular

resistance. By adjusting the Servo motor settings, it is indicative to changing the manner of
which a patient’s heart pumps. Because the distance was increased, the effective stroke volume
or amount of fluid ejected with each pump was also increased. The speed was increased to keep
the pulse rate relatively constant.
It is possible to obtain the same elevated blood pressure by keeping stroke volume the
same and just increasing PVR. Special attention was paid to keeping the cardiac output the same
for both the normotensive and hypertensive case with high PVR.
Simulating hypertension with increased peripheral vascular resistance gives a more
accurate depiction of what is occurring clinically. A vast majority of patients in need of
hemodialysis have long term hypertension caused by, and inducing high peripheral resistance.
The implications of high peripheral vascular resistance will be discussed later in more detail. The
highest distal flow was seen with high PVR and the distal pressure was about equal.
5.1.3

Viscosity Testing
The glycerin/water mixture is an adequate substitute for blood. Blood is comprised of

plasma erythrocytes (red blood cells) and white blood cells. Erythrocytes have a disk-like shape
with a thin middle and when they deform, the viscosity of the blood changes. Although it is not
blood (non- Newtonian fluid) it matched the viscosity quite well. The blood’s non-Newtonian
properties become especially important in very small radii vessels such as capillary beds. It can
be argued that the non- Newtonian properties of the blood become obsolete because the capillary
bed was approximated with a compliance chamber. So long as a high resistance is seen through
the compliance chamber, the fluid properties need not be adjusted.
5.2
5.2.1

Native Circulation and AVF
Altering AVF Flow
The motivation behind limiting the AVF flow is to thoroughly investigate the affect of

AVF resistance on the distal hemodymaics of the arm vasculature. By clamping down on the
vessel the effective resistance was increased and is akin to decreasing the diameter of the bypass.
One of the primary issues of this research is not the investigation of why the DRIL procedure,
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but it is why is the AVF causing steal? And what can be done preemptively to prevent steal by
possibly altering the way we place and size the AVF?
Although no retrograde flow was seen in this model, it provides an important groundwork
for future studies. Steal symptoms is currently seen in patients who do not experience retrograde
flow and therefore it is important to quantify though clinical verification, the definition of steal
in terms of both distal pressure and distal flow.
5.2.1.1 Normal Blood Pressure
Altering AVF flow leads way to the possibility of variant arteriovenous graft diameter on
a patient-to-patient basis. Monitoring AVF flow while altering the resistance through the vessel,
the physician may have the ability to fine-tune ideal fistula flow with adequate distal perfusion.
Through altering the flow through the AVF it is found that as more flow is diverted to the AVF,
significantly lower pressure is seen in the brachial artery as compared to the native circulation.
Additionally, if high flow to the hand is to be maintained, flow to the fistula must be limited.
Ultimately, sacrifices must be made to the hand when the AVF is created. The physicians
are redirecting flow that would be going to the hand directly back into the venous flow; therefore
a compromise must be made in order to create an access. This may be on a case- by- case basis,
depending on the individual's anatomy and perhaps if the effects of steal are still being felt at the
optimal point of AVF and distal flow. A catheter might be the best case scenario for this patient.
It cannot be expected that distal flow be the same when an AVF is put into place, even with a
DRIL bypass. Also, it can be seen that the distal flow will continually increase as AVF flow is
limited.
The goal of examining distal flow and pressure together is to look for the ideal AVF flow
where both distal pressure and flow are maximized. These findings suggests that the most that
the physician can minimize the AVF flow the better the distal perfusion will be (both flow and
pressure) minimizing the potential symptoms of steal.
5.2.1.2 Hypertension- Increased Cardiac Output
It was hypothesized that with elevated blood pressure, the effects of steal will be worse.
Typically, patients undergoing hemodialysis experience hypertension. This theory was first
tested under hypertension with high cardiac output. Ultimately, these results show that with
hypertension (HTN), an increased flow to the distal portion of the arm is experienced lessening
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the potential causes of steal. The higher pressure propels the flow with greater velocity
decreasing what we thought were causes of steal.
The primary concern with this test set is that increased cardiac output is not an accurate
representation of patients who receive arteriovenous fistulas or are in need of hemodialysis.
Therefore, a second set of tests had to be performed where cardiac output was kept constant
relative to the normotensive case.
5.2.1.3 Hypertension- Increased Peripheral Vascular Resistance
Ideally, high PVR would be modeled by the stiffening or narrowing of the vessels.
Effectively the resistance in the “rest” of the body was increased by closing the gate valve with
no changes to the arm vasculature. This altered the amount of flow going into the arm model
only minimally because such fine adjustments had to be made.
Interestingly, high PVR yields a higher increase in distal flow and a lower increase in
distal pressure as compared to hypertension CO. These results are not to be expected because
high CO yields a higher aortic flow which somehow translates to increased distal flow. Also
thwarted is the notion that hypertension (now in any form) increases a patients likelihood of
developing clinical steal when an AVF is put into place. Although, this model does not account
for areas of turbulence than may induce thrombosis that may accompany increased flows and
pressures.
Overall, this model shows that hypertension would not increase the likeliness of clinical
steal. In all physical model configurations, distal flow and pressure increase with hypertension.
5.2.1.4 No Collateral Flow- Normotensive and Hypertensive Cases
With the collateral, distal pressures are slightly higher. However, no discernable
difference is found in the distal pressure as a function of AVF flow with and without the
collateral. Besides the obvious decrease in distal pressure as flow to the AVF is increased, the
collateral seems to have no effect on the distal pressure. In fact, collateral appears to aid in distal
pressure- an indication that the DRIL procedure should actually be quite effective. The DRIL
vessel is a shorter, larger (less resistance) vessel for high pressure flow to reach the distal portion
of the arm. In the hypertensive case, no significant differences in results were found as compared
to the normotensive case.
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5.2.2

Altering AVF Diameter
With the same marginal change in inner diameter (increased or decreased by half), a

more significant change in distal perfusion can be seen than when the length is changed. Some
may argue that changing the diameter is the most effective way to alter hemodynamic properties;
however, it may also be argued that the parameter is too touchy to adjust with ease.
5.2.3

Altering AVF Position
When physicians are looking to positively affect the distal pressure and flow to the hand

when placing an AVF, this research suggests that altering the position will not drastically incur
such a change. Often, the position of the fistula is largely dependent on the available and
accessible vasculature of the patient and is rarely viewed as a variable [48]. In order to validate
this research, clinical data to support that the number of successful versus unsuccessful fistulas
and their lack of dependence on the placement along the brachial artery must be shown.
However, when the accessible vasculature is not limited, this research suggests that the physician
should choose the most proximal location along the brachial artery. A proximal position will
slightly increase both distal flow and pressure while keeping the AVF flow constant.
5.2.4

Altering AVF Length
Clinically, length of the fistula is not varied much due to the lack of research supporting

that length has an effect on distal perfusion. As the results indicate, length is rightfully ignored
when sizing the fistula due to the enormity of which the length would have to be altered in order
to incur a change in distal perfusion. Feasibly, the fistula length does not exceed 20 cm (7.9”)
due to lack of anatomical space and overall usefulness in hemodialysis.
5.3

DRIL
In an ideal situation, the AVF would be sized and placed appropriately according to a

patient’s existing pressures, flows and anatomy. However, when an AVF fails and DRIL is
necessary, similar guidelines to ensure the highest distal perfusion was found in this research.
5.3.1

Normal Blood Pressure and the Effects of Interval Ligation
A major point of interest in all these studies has been distal perfusion. Clinically, distal

perfusion has been defined as high pressure in the digits, however, little attention has been paid
to distal flow. Because clinical steal is defined as retrograde flow in the distal portion of the
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brachial artery, a high emphasis should also be placed on distal flow. When ligation is performed
distal flow increases significantly and the distal pressure only increases a marginal amount,
indicating that the DRIL primarily produces an increase in distal flow.
This research suggests that interval ligation is useful because it eliminates the retrograde
flow through the 1st distal brachial artery which is diverted through the AVF. When IL is not
performed, the DRIL bypass essentially feeds the AVF and not the hand. The long standing
belief that the distal portion of the DRIL bypass should bifurcate the brachial artery close to the
AVF anastomosis may be a fallacy considering this research suggests that the flow exiting the
DRIL bypass is caught in a pressure sink which diverts flow through the AVF to the venous
circulation. Clinical data and expanded research of the DRIL procedure through the physical
model may lead to more insight of this topic. A more distal location of the DRIL bypass
reentrance may lead to even further improved distal perfusion.
5.3.2

Hypertension and the Effects of Interval Ligation
Much like what was found in the native circulation and AVF cases, when a DRIL bypass

is in place, hypertension increases both distal flow and pressure. Additionally, much like the
normotensive case, both distal flow and pressure are increased with interval ligation.
Like the system under normal blood pressure conditions, when the interval ligation is
introduced both distal flow and pressure increase. Again, pressure increases only marginally. By
confirming the conditions under hypertension there becomes no doubt that interval ligation
should not be used. Physicians are hesitant to ligate because it clamps off the native flow of the
brachial artery. Also to note, this research has found that while flow through the DRIL bypass is
high without IL, it does not indicate that mean distal flow will increase. It is important for flow
to be directed. Whereas flow is at a minimal when the AVF is in place a huge increase in
retrograde flow occurs when the 1st distal brachial is not ligated. Flow is also seen to feed back
into the fistula to a rate higher than when just the fistula was in place and no DRIL bypass.
5.3.3

No Collateral Flow- Normal and Hypertensive Cases
With collateral flow, an overall higher distal flow and pressure are found, further

supporting the hypothesis that individuals without sufficient collateral are more likely to develop
steal symptoms. Again, interval ligation should be performed to ensure that the highest possible
distal pressure and flow are achieved. Flow through the DRIL bypass significantly decreases
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when ligation is performed however, the increase in distal flow and pressure indicate that the
ligation is essential.
5.3.4

Altering DRIL Flow
The final set of experiments altered the flow through the DRIL bypass. The primary goal

of these tests was to observe if indeed there was a change in distal flow and pressures when
ligation was performed. In both the normotensive and hypertensive cases, distal flow is improved
with interval ligation regardless of the DRIL flow. This result indicates that no matter the size of
the fistula, (or the effective resistance), IL should be performed to maximize distal perfusion.

Another method commonly used in the clinical setting to correct for steal is the method of
plication. Plication is a method where the entrance of the AVF is sewn at a taper so the entrance
at the bifurcation at the brachial artery is narrowed and progressively opens to the original AVF
diameter. Although plication may result in the correction of steal is also has a high rate of
thrombosis, thus eliminating the patency of the AVF. Unlike plication, DRIL has the ability to
maintain high AVF flow with a low likelihood of thrombosis and may therefore be considered
the preferred method. As discussed previously, the effects of plication of the AVF are akin to the
results presented of altering AVF flow. Sacrifices of adequate AVF flow result in an increased
distal perfusion.
5.4

AVF Resistance as a determinate of AVF sizing
To calculate both the patency (usability) of the AVF and what could result in distal

perfusion an ideal AVF resistance can be calculated based on the diameter and length. Ideal flow
has to be preserved in the AVF and at the hand, high pressure should be maintained in the hand.
High resistance vessels, smaller diameter, lead to higher distal perfusion. It was found in
previous test cases that the distal perfusion was idealized around an AVF flow of 600 mL/min.
When dissected, resistance when determined by Womersley’s Impedance method is a
function of the inverse of the radius as well as the sine of the inverse of radius to the second
power. Additionally, as Womersley’s number increases (or diameter increases), resistance
decreases in an exponential manner. This is in contrast to Poiseuille’s Law where resistance is a
function of the inverse of radius to the fourth power.
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Womersley’s Impedance method is used during oscillatory flow and can be defined as the
following:
“Impedance (vascular): Opposition to pulsatile as well as steady flow through a vascular
bed. Measured by relating mean values and corresponding harmonics of pressure and flow waves
at the input of a vascular bed. Displayed as a modulus (amplitude of pressure divided by
amplitude of flow) and phase (delay of flow after pressure), both as a function of frequency.
Similar to electrical, acoustic and hydraulic impedance.” p. 24 [5]
Impedance was first used by Womersley in 1957 to describe oscillatory flow through an
artery [11]. To measure pressure for the calculation of impedance two primary methods exist, the
measurement of impact pressure, and the measurement of lateral pressure. In a clinical setting
these two methods are equivalent of measuring the dynamic pressure (pressure measured parallel
to probe) and the static pressure (pressure measured perpendicular to flow).
The two pressures have the highest difference at high velocities or when the arteries are
narrowed proximally. Additionally:
“For most physiologic purposes, lateral pressures are the ones that should be measured,
according to Milnor (1989); however, the question arises of which pressure (lateral or impact)
should be used in impedance calculations. This subject was addressed by Burton (1965) in
relation to peripheral resistance calculations. He suggested that the total energy expressed as
impact pressure be used in the calculation… In practice, the difference between ‘impact’ and
‘lateral’ pressure is small unless the artery is compressed externally or narrowed by disease.” p.
24 [5]
Clinically, impedance is described by four different methods, longitudinal, input,
characteristic, and terminal impedance. In this thesis work longitudinal impedance was measured
and can be described by the relationship of mean pressure over flow along a segment of artery.
Assumptions in the application of impedance theory to the arterial system:
“The theoretical concept of vascular impedance is based on the theoretical principles
established by Womersley on the relationship between pulsatile pressure and flow in the arteries.
This is a more general application of Poiseuille’s law as it applies to the relationship between
mean pressure and flow. Just as Poiseuille’s law (see Chapter 2) cannot be strictly applied to any
part of the circulation, (see Chapter 2), so too Womersley’s concepts cannot strictly be applied
either.” p. 241 [5]
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Contrary to Womersley’s Impedance method when investigates the pulsatile properties of
vessels, Poiseuille’s law is applied to steady flow to investigate the relationship of arterial
segment properties and resistance.
To illustrate the relationship of various parameters involved in Womersley’s impedance
method and their effect on the calculation of resistance, a theoretical model was created using the
Womersleys method as discussed in previous sections and varied to demonstrate their
encompassing effects. As discussed previously, the relationship of Womersley’s number to
resistance is similar to the relationship of Womersley’s number to resistance. As illustrated
below in Figure 93 as Womersley’s Number increases, resistance decreases in a linear fashion.

Figure 93- Relationship of Womersley's number to resistance when using Womersley’s impedance method.

As shown in Figure 94, the relationship of frequency to Womersley’s number shows that
as frequency increases, Womersley’s Number also increases.

Figure 94- Relationship of frequency to resistance when using Womersley's impedance method

Finally in Figure 95, the relationship of frequency to resistance shows that frequency increases,
resistance approaches zero. Additionally, as frequency decreases to zero, resistance approaches

Nicole A. Varble

133

infinity. This implies that Womersley’s impedance method is not applicable for steady state flow
systems.

Figure 95- Relationship of frequency to resistance when Womersley's impedance method is used.

5.4.1

Diameter
Womersley’s Impedance Method correctly predicts the resistance of the vessel at the

nominal length. The pulsatile nature of the flow has obviously become an important
characteristic of the analytical modeling of this system and is shown to be accurate over a wide
range of resistances (from 14 mmHg/L/min to 500 mmHg/L/min). Based on both the analytical
calculations and the theoretical calculations, altering the diameter has the largest impact on both
distal pressure and distal flow due to the large variance in resistance. This research shows that in
order to most effectively change the resistance of the AVF thus changing the hemodynamics of
the arm vasculature, the diameter of the AVF must be changed.
This data is also significant when considering the maturation of a fistula. Often when
fistulas are placed in the body they are approximately 3mm in diameters (equivalent to
approximately 1/8”). Clinically it is found that the preliminary pressure of the arterial side is
stable until maturation.
When a saphenous vein or other similar fistulas is used, they often swell to a diameter of
6 mm (approximately 1/8”) and are then considered useable after approximately 2 months of
maturation. Steal does not often occur immediately upon insertion of the fistula, rather after the
maturation period and allowing the diameter of the fistula to increase. Furthermore, it was found
that the arterial pressure significantly decreases after an increased or matured fistula is put in
place.
The nominal diameter of the AVF (ID of ¼”) is the same of the brachial artery diameter,
the vessel. Although it is rare, fistula diameters can exceed the diameter of the vessel which it
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bifurcates. An additional set of tests which examines the effects of an increased AVF diameter
which exceeds the brachial artery diameter will lead to a deepened understanding of AVF
hemodynamics.
5.4.2

Length
This section is arguably the most contradictive of current theoretical arguments. In both

Womersley’s and Poiseuille’s Methods, length is directly proportional to the resistance. When
comparing the analytical approaches of Poiseuille’s Law and Womersley Impedance method, a
proportional relationship to resistance is not found even outside the clinical range of fistula
lengths. Both Poiseuille’s Law and Womersley’s Impedance method over estimate the effect that
length has on the resistance of the fistula.
The 3.175 mm ID tubing was used in these tests to capture larger resistances. This test
was also useful in determining the resistance of the combined change in diameter from the
brachial artery and the effects of a change in direction of flow. It can be hypothesized that a large
pressure loss is seen due to the sudden change in direction from the brachial artery to the fistula.
Fistula flow turns backwards at a 45˚ angle from the incoming proximal brachial artery flow.
Typically, it is not the hope of the physicians to reduce the resistance of the fistula because, as
this research shows, reducing the resistance of the fistula decreases the distal flow and pressure
to the hand. Therefore, changing the entrance geometry of the fistula to the brachial artery is not
advantageous to reducing the effects of steal.
Another hypothesis was that the fact that because the fistula was connected to a large
complex flow circuit, the resistance across it was not being experimentally predicted accurately.
Flow from the distal portions of the arterial side was being drawn to the low pressure sites of the
radial-ulnar bifurcation, and flow on the venous side of the fistula was being propelled by the
vena cava. The results show that no difference was found indicating that the fistula resistance is
not entirely dependent on the surrounding circulation. Otherwise stated, the pressures and flows
being measured across the AVF were independent of the distal circulation.
Tests were done with fistula lengths up to 36 inches, well outside the clinically applicable
range. When driven to the extremes, the distal flow and pressure are improved with fistula
lengthening. As shown in the results section, in the clinically applicable range, fistula
lengthening does little to affect the resistance. Fistula lengthening can also be considered a fair
controller of AVF flow, but again, primarily outside the clinically applicable range.
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It became apparent through this research that the minor pressure losses due to geometry of
the connectors have a larger impact on the overall pressure drop of the system than initially
thought or intended. To improve the physical model, all barbed connectors can be replaced with
custom built connectors to make the bifurcations and anatomy of the vessels more
physiologically accurate. Also, an investigation into the improvement of the pressure taps may
add validity to the found pressures in the current model.
5.5

Mathematical Model
In the Simulink model, the physiologic pressure waveform has a striking similarity to that

of a physiologic pressure waveform. The developer of this model wanted to truly capture the
image of a steep primary incline followed by a more gradual decline of a sinusoidal- like wave.
Also included is the distinct dicrotic notch which is a result of the aortic valve closing. The
inclusion of the two diodes was a crucial part to developing such an accurate picture. The diodes
in this Simulink model act as heart valves, allowing only unidirectional flow and giving the
outflow pressure waveform its distinct look.
When comparing the nominal cases of the distal (brachial) flow, hand flow, and AVF flow,
the Simulink model did a strikingly accurate job at predicting the magnitude of flows through the
vessels. Although some discrepancies did arise, the order of magnitude and the general trends
remained the same. The downfall of this comparison is that the physical model has limitations
that the Simulink model does not. Modeling from 1 mm to 10 mm diameter AVF with a step size
of 0.05 is accuracy that would be far too time consuming to perform on the physical model.
The investigation of the hemodynamics of the arteriovenous fistula using a mathematical
model allows for the altercation of the diameter without extensive and elaborate supplies. This
way, a for-loop can be created which allows us to “try” hundreds of sizes of diameters of fistulas
and examine the resulting flows in the arm.
In the final area of investigation it can be suggested that the SImulink model can aid the
prediction of diameters in the physical model. This theory shows promise by comparing the
resistances of the cases when the AVF diameter was changed (in the independent study) to when
the AVF flow was changed. By altering the AVF flow, not only did the points reveal a wider
range but also a trend was readily decipherable.
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An area where the first model drastically differs from the physical model is its dependence
on Poiseuille’s Law to determine the resistances of the vessels. Through the extensive research
of the physical model, Poiseuille’s Law correctly predicts the resistance in larger vessels with
lower resistances, however, when the diameter of a vessel was below a threshold of about 7 mm,
Poiseuille’s Law became less applicable. An improvement to this model was made by predicting
the resistances of the vessels with the Womersley Impedance model. This method is especially
applicable given that this, like few other models before it, is highly dependent and driven by
pulsatile flow. Improvements can be made to the mathematical model until it more accurately
represents the physical model. Already two approaches have been taken, modeling the vessel’s
resistances through Poiseuille’s Law and modeling the vessel’s resistances through Womersley’s
Impedance Method.
Future studies with this model may include a test of AVF diameters larger than the brachial
artery of which it bifurcates. An additional study of the examination of flow patterns using PIV
(particle image velocimetry), to detect areas of eddy currents and further investigate the
possibility of a thrill at the entrance of the AVF has clinical relevance and would add to this area
of study. Finally, a continued collaboration with the University of Rochester’s Medical Center to
accumulate clinical data for the comparison of this physical model to findings in patients could
further validate this model and lead to future improvements.
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Appendix A- Pressure and Flows in the Upper Arm
Table 49- Literature compilation of the pressures and flows in the upper arm
Artery

Systolic

Diastolic

mmHg

mmHg

120

80

Reference

Flow

Reference

mL/min

Subclavian
McDonald’s [5]

1300

Zanow (2008)

150

McDonald’s

230

Koroglu (2009) [49]

940

Koroglu (2009)

574

Illig(2005)

Axillary
rest

120

80

McDonald’s

exercise
PROX Brachial
pre-DRIL

102
116

occluded

62

121

Schanzer (1988)
Illig(2005)

89

Illig(2005)

Schanzer (1988)

84

Illig(2005)

126

Illig(2005)

96.4

McDonalds

104

Illig(2005)

445

Illig(2005)

67

Illig(2005)

-21

Illig(2005)

16.5

Schanzer (1988)

127

Illig(2005)

58

Illig(2005)

133

post-DRIL

Illig(2005)

72

DIST Brachial
pre-DRIL

occluded

post-DRIL

91.5

72

Schanzer (1988)

64

Illig(2005)

114

52

Gradman (2004)

33

Gradman (2004)

122

Illig(2005)

104

Illig(2005)

51

Illig(2005)

36

Gradman (2004)

35.34

Goldfeld (2000)

92

44

Gradman (2004)

87.5

60

Schanzer (1988)

67

41

Illig(2005)

Radial
pre-DRIL

[50]
20

Schanzer (1988)

occluded

127

52

Illig(2005)

110

Schanzer (1988)

post-DRIL

128

Illig(2005)

153.15

Goldfeld (2000)

Ulnar
pre-DRIL

129.59

Goldfeld (2000)

occluded

179.66

Goldfeld (2000)

27

Zanow(2008)

Palmar Arch

88

Zanow (2008)

Digits
rest arterial side
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121

68

Hayzo (1991)

162

Hubbar (2010)

95 (avg)

Vascular Surgery [20]

138

rest venous side

3 (avg)

Vascular Surgery

occluded

192

Hubbar (2010)

pre-DRIL

40.75

Minion (2004)

pre-DRIL arterial

58 (avg)

Vascular Surgery

pre-DRIL venous

26 (avg)

Vascular Surgery

post-DRIL

72.75

Minion (2004)

47

Illig(2005)

AV Fistula
pre-DRIL

444

Illig(2005)

700

Hubbard (2010)

571

Vascular Surgery

600

Wixon (2000)

occluded

119

Illig(2005)

0

Illig(2005)

post-DRIL

51

Illig(2005)

548

Illig(2005)

700

Hubbard (2010)

490

Gradman (2004)

600

Wixon (2000)

50

Sessa (2004)

DRIL bypass
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Appendix B- Anatomy of Vessels in the Arm
Table 50- Literature compilation of the anatomy of the blood vessels in the upper arm
Artery
Subclavian

Length
cm
4.7

Reference
Hejarizadeh (1996) [51]

Average
Axillary

4.7
10.5

Patnaik (2001) [53]

Average
Brachial

10.5
26.29

Patnaik (2002) [54]

Average
Radial

26.29
12
22

Buxton (1998) [56]
Connoly (2002) [58]

Average
Ulnar

17
15
14
14.5

Average
Palmar Arch
Digits
Collateral Flow
To Venous Flow
To Venous Flow
AV Fistula
Average
DRIL bypass

Average
Cephalic Vein
Basilic Vein

Buxton (1998)
Venkatanarasimha (2007)[62]

20

Gradman (2004)

20
19.6
20

Illig (2005)
Gradman (2004)

18
19.2

Zanow (2008)

Diameter
mm
12
18.6
7.8
12.8
8
6.3
7.4
6.8
7.13
4.3
4.3
5.3
4.5
3.69
4.42
2.34
2.58
2.71
2.5
2.45
3.1
2.64
2.5
2.5
2.5
1.7
1.6
2.4
5
5
6
5
5.5
6
5
75% of BA
5.5
3.7
5.09

Reference
Uemura (2007) [52]
Uemura (2007)
Gradman (2004)
Uemura (2007)
Zanow (2008)
Uemura (2007)
Gradman (2004)
Peretz (2007) [55]
Zanow (2008)
Gradman (2004)
Chandra
Koroglu (2009)
Ku (2005) [57]
Madssen (2006) [59]
Madssen (2006)
Zanow (2008)
Loh (2007) [60]
Fazan (2004) [61]
Fazan (2004)
Zanow (2008)
Fazan (2004)
Fazan (2004)
Zanow (2008)
Babtista (2003) [63]
Zanow (2008)
Gradman (2004)
Zanow (2008)
Gradman (2004)
Zanow (2008)
Wixon (2000)
Yeri (2009)[64]
Babtista (2003)

Table 51- Literature compilation of the position of DRIL bypass
Position of DIRL

Average
Site of Ligation
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PROX to AVF
cm
5
4.5
6
4.8
5.075
0

Reference
Schanzer (1988)
Lazaride (2003)
Sessa (2004)
Zanow (2008)

DIST to AVF
cm
4

Reference
Schanzer (1988)

4
Sessa (2004)
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Appendix C- Detailed Tests done on NC, AVF and DRIL
Table 52- Tests done of the native circulation (Test set A)
A.
Test #

Native

1

x

2

x

3

x

4

x

AVF

DRIL

CC

Collateral

BP

Fluid

Other

Actual Date

x

Norm

H2O

3-21
3
(10:30)

x

Norm

H2O

determine
compliance
chamber setup

x

Norm

H2O

x

Norm

H2O

ll

none

Test
Redone

3-21
3
(11:15)
3-21
3
(11:45)
3-21
3
(1:45)

determine
hypertensive
settings

5

x

x

Hyper

H2O

6

x

o

Norm

H2O

7

x

o

Hyper

H2O

8

x

x

Norm

Gly/H2O

3-21
3
(2:15)
3-21
3
(1:45)
3-21
3
(2:15)

9

x

x

Hyper

Gly/H2O

10

x

o

Norm

Gly/H2O

11

x

o

Hyper

Gly/H2O

establish
Glycerin/H20
settings

3-23
3
(9:30)

4-11 (1:30)

3-23
3
(10:30)

4-11 (1:30)

3-23
3
(9:30)

4-11 (1:30)

3-23
3
(10:30)

4-11 (1:30)

Table 53- Tests done with AVF (Test set B)
B.
Test #

Native

AVF

1

x

x

2

x

3

x

4
5

DRIL

Collateral

BP

Fluid

x

Norm

Gly/H2O

x

x

Hyper

Gly/H2O

x

o

Norm

Gly/H2O

x

x

o

Hyper

Gly/H2O

3-23
23 (2:15)

x

x

x

Norm

Gly/H2O

24 (10:40)
3-24

6

x

x

x

Hyper

Gly/H2O

7

x

x

o

Norm

Gly/H2O

8

x

x

o

Hyper

Gly/H2O

9

x

x

x

Norm

Gly/H2O

10

x

x

x

Hyper

Gly/H2O

11

x

x

o

Norm

Gly/H2O

12

x

x

o

Hyper

Gly/H2O

13

x

x

x

Norm

Gly/H2O

Other

fully open
AVF=944(Norm)
AVF=110(HTN)
length = 7.5"

1/4 less flow
AVF=708(Norm)
AVF=826(HTN)

Actual Date
23 (1:30)
3-23
3-23
23 (2:15)

4-12 (8:40)

3-23
23 (1:30)

3-24
24 (11:10)

4-12 (8:40)

4-12 (8:40)

3-24
24 (10:40)
3-24
24 (11:10)

4-12 (8:40)

24 (11:30)
3-24
1/2 less flow
AVF=472(Norm)
AVF=551(HTN)

3-24
24 (11:50)

4-12 (8:40)

3-24
24 (11:30)
3-24
24 (11:50)

4-12 (8:40)

24 (12:45)
3-24
3/4 less flow
AVF=236(Norm)
AVF=275(HTN)

14

x

x

x

Hyper

Gly/H2O

15

x

x

o

Norm

Gly/H2O

16

x

x

o

Hyper

Gly/H2O

3-24
24 (1:05)

17

x

x

x

Norm

Gly/H2O

3-24
24 (1:25)

18

x

x

x

Hyper

Gly/H2O

19

x

x

o

Norm

Gly/H2O

20

x

x

o

Hyper

Gly/H2O
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Test
Redone

nearly fully closed
AVF<236(Norm)
AVF<275(HTN)

3-24
24 (1:05)

4-12 (8:40)

3-24
24 (12:45)

3-24
24 (1:40)

4-12 (8:40)

4-12 (8:40)

3-24
24 (1:25)
3-24
24 (1:40)

4-12 (8:40)
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B.

21

x

x

x

Norm

Gly/H2O

22

x

x

x

Hyper

Gly/H2O

23

x

x

o

Norm

Gly/H2O

3-29(9:15)

24

x

x

o

Hyper

Gly/H2O

3-29(9:40)

25

x

x

x

Norm

Gly/H2O

3-29(9:15)

26

x

x

x

Hyper

Gly/H2O

3-29(9:40)

27

x

x

o

Norm

Gly/H2O

3-29(9:15)

28

x

x

o

Hyper

Gly/H2O

3-29(9:40)

29

x

x

x

Norm

Gly/H2O

3-29(10:15)

30

x

x

x

Hyper

Gly/H2O

31

x

x

o

Norm

Gly/H2O

3-29(10:15)

32

x

x

o

Hyper

Gly/H2O

3-29(10:15)

33

x

x

x

Norm

Gly/H2O

3-30 (2:45)

34

x

x

x

Hyper

Gly/H2O

35

x

x

o

Norm

Gly/H2O

3-30 (2:45)

36

x

x

o

Hyper

Gly/H2O

3-30 (2:45)

37

x

x

x

Norm

Gly/H2O

3-31(9:20)

38

x

x

x

Hyper

Gly/H2O

3-31(9:20)

39

x

x

o

Norm

Gly/H2O

40

x

x

o

Hyper

Gly/H2O

41
42
43
44
45

x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

Norm
Norm
Norm
Norm
Norm

3-29(9:15)
move AVF PROX

move AVF DIST

AVF = 11.5" long

AVF = 9.5" long

AVF = 5.5" long

3-29(9:40)

3-29(10:15)

3-30 (2:45)

3-31(9:20)
3-31(9:20)

Gly/H2O

AVF = 1.5" long
D = 3.175 mm

5-5-11 (9:00)

Gly/H2O

AVF = 3.5" long
D = 3.175 mm

5-5-11 (9:00)

Gly/H2O

AVF = 5.5" long
D = 3.175 mm

5-5-11 (9:00)

Gly/H2O

AVF = 7.5" long
D = 3.175 mm

5-5-11 (9:00)

Gly/H2O

AVF = 9.5" long
D = 3.175 mm

5-5-11 (9:00)
6-811(10:00)

6-811(10:00)

46

x

x

x

Norm

Gly/H2O

AVF = 3 ft long
D = 3.175 mm

47

x

x

x

Norm

Gly/H2O

AVF = 2.5 ft long
D = 3.175 mm

6-811(10:00)

6-811(10:00)

48

x

x

x

Norm

Gly/H2O

AVF = 2 ft long
D = 3.175 mm

6-811(10:00)

6-811(10:00)

49

x

x

x

Norm

Gly/H2O

AVF = 1.5 ft long
D = 3.175 mm

6-811(10:00)

6-811(10:00)

50

x

x

x

Norm

Gly/H2O

AVF = 1 ft long
D = 3.175 mm

6-811(10:00)

6-811(10:00)

51

x

x

x

Norm

Gly/H2O

AVF = 9.5" long
D = 3.175 mm

6-811(10:00)

6-811(10:00)

52

x

x

x

Norm

Gly/H2O

AVF = 7.5" long
D = 3.175 mm

6-811(10:00)

6-811(10:00)

53

x

x

x

Norm

Gly/H2O

AVF = 5.5" long
D = 3.175 mm

6-811(10:00)

6-811(10:00)

54

x

x

x

Norm

Gly/H2O

AVF = 3.5" long
D = 3.175 mm

6-811(10:00)

6-811(10:00)
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55

x

x

x

Norm

Gly/H2O

AVF = 1.5" long
D = 3.175 mm

6-811(10:00)

56

x

x

x

Norm

Gly/H2O

AVF = 3 ft long
D = 3.175 mm

6-1011(8:00)

57

x

x

x

Norm

Gly/H2O

AVF = 2.5 ft long
D = 3.175 mm

6-1011(8:00)

58

x

x

x

Norm

Gly/H2O

AVF = 2 ft long
D = 3.175 mm

6-1011(8:00)

59

x

x

x

Norm

Gly/H2O

AVF = 1.5 ft long
D = 3.175 mm

6-1011(8:00)

60

x

x

x

Norm

Gly/H2O

AVF = 1 ft long
D = 3.175 mm

6-1011(8:00)

61

x

x

x

Norm

Gly/H2O

AVF = 9.5" long
D = 3.175 mm

6-1011(8:00)

62

x

x

x

Norm

Gly/H2O

AVF = 7.5" long
D = 3.175 mm

6-1011(8:00)

63

x

x

x

Norm

Gly/H2O

AVF = 5.5" long
D = 3.175 mm

6-1011(8:00)

64

x

x

x

Norm

Gly/H2O

AVF = 3.5" long
D = 3.175 mm

6-1011(8:00)

65

x

x

x

Norm

Gly/H2O

AVF = 1.5" long
D = 3.175 mm

6-1011(8:00)

B.

6-811(10:00)

Table 54- Tests done with DRIL bypass in place (Test set C)
C.
Test #

Native

AVF

DRIL

Collateral

BP

Fluid

Interval Ligation

Actual Date

1

x

x

x

x

Norm

Gly/H2O

x

3-31 (10:30)

2

x

x

x

x

Hyper

Gly/H2O

x

3-31 (10:30)

3

x

x

x

o

Norm

Gly/H2O

x

3-31(11:30)

4

x

x

x

o

Hyper

Gly/H2O

x

3-31(11:30)

5

x

x

x

x

Norm

Gly/H2O

o

3-31 (10:30)

6

x

x

x

x

Hyper

Gly/H2O

o

3-31 (10:30)

7

x

x

x

o

Norm

Gly/H2O

o

3-31(11:30)

8

x

x

x

o

Hyper

Gly/H2O

o

3-31(11:30)

9

x

x

x

x

Norm

Gly/H2O

10

x

x

x

x

Hyper

Gly/H2O

11

x

x

x

o

Norm

Gly/H2O

12

x

x

x

o

Hyper

Gly/H2O

13

x

x

x

x

Norm

Gly/H2O

14

x

x

x

x

Hyper

Gly/H2O

15

x

x

x

o

Norm

Gly/H2O

16

x

x

x

o

Hyper

Gly/H2O

17

x

x

x

x

Norm

Gly/H2O

18

x

x

x

x

Hyper

Gly/H2O
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3-31(11:30)
DRIL occluded
No Interval
Ligation

3-31(11:30)
3-31(11:30)
3-31(11:30)

DRIL and AVF
occluded
No Interval
Ligation

3-31(11:30)
3-31(11:30)
3-31(11:30)
3-31(11:30)

100%
DRIL=55(Norm)
DRIL=60(HTN)

4-20 (11:00)
4-20 (11:00)
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C.

19

x

x

x

o

Norm

Gly/H2O

20

x

x

x

o

Hyper

Gly/H2O

21

x

x

x

x

Norm

Gly/H2O

22

x

x

x

x

Hyper

Gly/H2O

23

x

x

x

o

Norm

Gly/H2O

24

x

x

x

o

Hyper

Gly/H2O

25

x

x

x

x

Norm

Gly/H2O

26

x

x

x

x

Hyper

Gly/H2O

27

x

x

x

o

Norm

Gly/H2O

28

x

x

x

o

Hyper

Gly/H2O

29

x

x

x

x

Norm

Gly/H2O

30

x

x

x

x

Hyper

Gly/H2O

31

x

x

x

o

Norm

Gly/H2O

32

x

x

x

o

Hyper

Gly/H2O

33

x

x

x

x

Norm

Gly/H2O

34

x

x

x

x

Hyper

Gly/H2O

35

x

x

x

o

Norm

Gly/H2O

36

x

x

x

o

Hyper

Gly/H2O

37

x

x

x

x

Norm

Gly/H2O

38

x

x

x

x

Hyper

Gly/H2O

39

x

x

x

o

Norm

Gly/H2O

40

x

x

x

o

Hyper

Gly/H2O

41

x

x

x

x

Norm

Gly/H2O

42

x

x

x

x

Hyper

Gly/H2O

43

x

x

x

o

Norm

Gly/H2O

44

x

x

x

o

Hyper

Gly/H2O

45

x

x

x

x

Norm

Gly/H2O

46

x

x

x

x

Hyper

Gly/H2O

47

x

x

x

o

Norm

Gly/H2O

48

x

x

x

o

Hyper

Gly/H2O

49

x

x

x

x

Norm

Gly/H2O

50

x

x

x

x

Hyper

Gly/H2O

51

x

x

x

o

Norm

Gly/H2O

52

x

x

x

o

Hyper

Gly/H2O

53

x

x

x

x

Norm

Gly/H2O

54

x

x

x

x

Hyper

Gly/H2O

55

x

x

x

o

Norm

Gly/H2O

56

x

x

x

o

Hyper

Gly/H2O

Nicole A. Varble

100%
DRIL=55(Norm)
DRIL=60(HTN)
NO IL
fully open
DRIL=329 (Norm)
DRIL=386 (HTN)

4-20 (11:00)
4-20 (11:00)
4-20 (11:00)
4-20 (11:00)
4-20 (11:00)
4-20 (11:00)
4-20 (2:00)

75%
DRIL=41(Norm)
DRIL=45(HTN)

4-20 (2:00)
4-20 (2:00)
4-20 (2:00)

NO IL
75%
DRIL=247(Norm)
DRIL=290(HTN)

4-20 (2:00)
4-20 (2:00)
4-20 (2:00)
4-20 (2:00)
4-21 (9:30)

50%
DRIL=28(Norm)
DRIL=30(HTN)

4-21 (9:30)
4-21 (9:30)
4-21 (9:30)

NO IL
50%
DRIL=165(Norm)
DRIL=193(HTN)

4-21 (9:30)
4-21 (9:30)
4-21 (9:30)
4-21 (9:30)
4-21 (9:30)

25%
DRIL=14(Norm)
DRIL=15(HTN)

4-21 (9:30)
4-21 (9:30)
4-21 (9:30)

NO IL
25%
DRIL=82(Norm)
DRIL=97(HTN)

4-21 (9:30)
4-21 (9:30)
4-21 (9:30)
4-21 (9:30)
4-21 (9:30)

< 25%
DRIL<14(Norm)
DRIL<15(HTN)

4-21 (9:30)
4-21 (9:30)
4-21 (9:30)

NO IL
< 25%
DRIL<82(Norm)
DRIL<97(HTN)

4-21 (9:30)
4-21 (9:30)
4-21 (9:30)
4-21 (9:30)
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Appendix D- Technical Drawing of Connectors

Figure 96- Detailed technical drawing of reducing Y EW-30726-51 from Cole Parmer

Figure 97- Detailed technical drawing of straight reducing coupling 2974K261 from McMaster Carr

Figure 98- Detailed technical drawing of custom tapered connector
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Appendix E- Calibration of ME PXN3 Flow Probe for 1/16” ID Tubing
Table 55- Flow probe calibration for 1/16" ID tubing using ME PXN3

Flow Probe
volume
time
time
max
min
Flow meter reading
Actual flow rate
Correction factor
Average correction
factor

Nicole A. Varble

ME PXN3
mL
s
min
mL/min
mL/min
mL/min
mL/min
(multiplier)
(multiplier)

trail 1
20
33.9
0.565
121
96
108.5
35.4
3.1
3.04

trial 2
20
31.98
0.533
127
100
113.5
37.5
3.0

trail 3
15
24.39
0.4065
125
103
114
36.9
3.1

trial 4
15
24.57
0.4095
123
102
112.5
36.6
3.1

trail 5
10
15.67
0.261167
118
104
111
38.3
2.9

trail 6
10
16.59
0.2765
114
110
112
36.2
3.1
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Appendix F- Step-by-step Instructions on How to Run a Test
Initialization, Filling of the Model and Draining the Model adapted from documentation by
Matthew DeCapua (Summer Intern 2010)
Initialization:
1) Ensure that the system is fully assembled and each chamber has been sealed tightly to
guarantee no air or water leaks.
a. The ventricular chamber requires a 5/32” Allen wrench for adjustment.
b. The aortic, buffering, and secondary compliance chambers require a 3/16” Allen
wrench for adjustment.
2) Ensure that all water valves are closed to minimize accidental leakage.
a. The two-way valves are closed when the switch is facing towards the water
source. Note: secondary, aortic, and buffer chambers each have one two-way
valve. The ventricular and valve imaging chambers have two two-way valves.
b. The large blue valves are closed when the switch is perpendicular to the water
source. Note: The secondary and ventricular chambers each have a large blue
valve.
c. The water valve between the aortic compliance chamber and the valve imaging
chamber is turned off when the handle is vertical or perpendicular to the drainage
tubing.
3) Place the air pressure gauges and pressure controllers on top of the chambers but do not
seal.
a. The secondary compliance chamber requires a pressure controller attached to the
air outlet on top of the chamber. The controller should be open, which means that
it is turned all the way to the left.
b. The aortic compliance chamber requires both a pressure gauge and pressure
controller attached to the air outlets on top of the chamber. The pressure
controller should be open.
c. The buffer chamber requires a pressure gauge, but initially it is not attached to the
air outlet on top of the chamber.
4) Attach the valve imaging chamber to the simulator.
a. Place the valve imaging chamber on its designed base, which is located on top of
the ventricular chamber.
b. Ensure that the imaging chamber’s white knobs are facing the buffering chamber.
c. Insert the feeding tube of the imaging chamber to the tube protruding from the
ventricular chamber.
d. Insert the discharge tube of the imaging chamber to the tube connected to the
aortic compliance chamber.
e. Secure the tubes with the provided clamps. Note: the clamps require a 9/64”
Allen wrench.
5) The valve imaging chamber should have two-way valves attached to the two outer white
knobs on top of the chamber. The two inner knobs should remain uncovered until it is
filled with water.
Filling the Model:
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Approximate Liquid Usage: 9 liters
Approximate Elapsed Time to fill system: 6 minutes.
Warning: minimal leakage can occur so have towels on hand.
1) Open the valve between the secondary compliance chamber and the master flex pump.
Note: Ensure that the tube attached to the left side of the master flex pump connects to
the secondary compliance chamber while the tube attached to the right side of the master
flex pump connects to the liquid source.
2) Turn on the master flex pump to cause fluid to flow from the water source to the system.
Note: The switch must be placed down to cause the fluid to flow into the system. Also,
ensure that the speed of the pump is set between the mark 6 and 7 to ensure a reasonable
flow rate.
This point in the procedure requires fast acting and can fluctuate in order depending on user
actions and modifications to the system.
3) Wait for the secondary compliance chamber to fill until fluid reaches the blue marker.
When the water is slightly below that point, close off the air supply to the chamber.
a. Closing off the air supply to the chamber is done through closing the air controller
on top of the chamber; which is done through turning the button on the air
controller all the way to the right.
b. Note: the chamber can be closed a little bit before the blue mark because it will
continue to fill throughout the water process.
4) Wait for the ventricular chamber to fill completely, and then seal the white knob with a
red plug.
a. The ventricular chamber will be full of water when the center white knob does not
have air located around it. The chamber will definitely be full if the white knob
begins to leak fluid.
b. Warning: the buffer chamber will fill to the necessary level very fast after the
ventricular chamber.
5) Wait for the buffer flow chamber to fill to the necessary point (black mark), and then
attach the pressure gauge to the air outlet on top of the chamber.
a. It is extremely important that the buffer chamber is full between its minimum and
maximum points. If it is not, the servo pump might not function as desired.
6) Wait for the valve imaging chamber to fill completely, and then cover the two middle
knobs with red plugs.
a. The valve imagining chamber is full when there are is no air between the access
point of the white knob and the water. The valve imaging chamber is definitely
full if liquid begins to leak from the white knobs.
b. Note: be careful at this point because it is where fluid spilling is most likely to
occur.
7) Wait for the aortic compliance chamber to fill to the marked level, and then turn off the
master flex pump.
a. Close off the air supply to the chamber by closing the air controller on top of the
chamber; which is done through turning the button on the air controller all the
way to the right.
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8) After turning off the master flex pump, close the valve connecting the secondary
compliance chamber and the pump. Note: At this point all of the chambers should full of
liquid to the appropriate height, and the valve imaging chamber should be full.
9) Remove air bubbles from the ventricular chamber and the valve imaging chamber.
a. Note: Running the Servo pump for approximately 20 strokes before removing air
bubbles can help to bring bubbles out of hard to reach spaces and to the valve
viewing chamber or ventricular chamber.
b. Use the 20 mL syringe to suck the air bubbles out. Return the sucked out liquid
back into the system after eliminating the air bubble. Note: Do not push air back
into the system when returning sucked out liquid
c. Use the two two-way valves on top of the ventricular chamber to remove the air
bubbles. The 20 mL syringe will screw onto the valves.
d. Use the two two-way valves on top of the valve imaging chamber to remove the
air bubbles. The 20 mL syringe will screw onto these two-way valves.
e. If necessary, physically shift the ventricular or valve imaging chamber to locate
air bubbles near the white knobs that are attached to the two-way valves.
f. If air bubbles in the valve imaging chamber do not want to move, then it can be
useful to move the chamber up and down. If a screw from the chamber holder is
removed, it becomes much easier to move the chamber up and down.
10) Ensure that all valves are located in the off position at this point.
Drain System of Bubbles:
1) Using a syringe, drain bubbles first from the valve viewing chamber.
2) Drain the ventricular chamber
3) If arteriovenous arm model is not clear of bubbles using leur locks and syringes at
pressure taps
4) Pressure in system after bubbles have been cleared = 30 mmHg
Zeroing the Pressure Transducers:
1) Connecting the transducers to the model
a. Connect pressure transducers to the 1st measured lines (typically connectors 1-4)
b. Connect syringe and open both leur locks to the model
c. Remove any access air from the transducer and the transducer line (bleed the line)
d. Close the leur lock closets to the model to leave the transducer leur lock open to
atmosphere
e. Repeat for all 4 transducers
f. Make sure the transducers are lying flat with the arteriovenous model (zero)
2) On the Pressure Monitor
a. Turn the pressure monitor on
b. Press and hold the ‘Zero’ button on the pressure module until two beeps are heard
c. Repeat for all 4 pressure modules
d. Transducers are now zeroed to gauge pressure
e. Close the leur lock on the transducer to air
f. Open the leur lock to the model
g. The Pressure transducers are now reading pressure in the model
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Servo Motor:

1) Turn the motor on with the large red button located on the front of the cart

2) Open the Sigma- Win software
3) Select the SGDV-R90F11A servo pack and then click connect
4) A warning screen will appear, select ‘Continue’
5) On the top half of the screen, select the ‘JOG Operation’ icon
6) A warning screen will load, select ‘ok’
7) The JOG running conditions will load. Alter the running conditions to fulfill the
necessary specifications. The program JOG will automatically load prior used
specifications for travel distance, speed, acceleration/ deceleration time, and wait time.
The following parameters in Table 56 were used for the normotensive and hypertensive cases.
Under normal blood pressure, the mean pressure was approximately 127/64 mmHg
(systolic/diastolic), and the mean aortic flow was approximately 5 L/min. Under hypertension,
the mean pressure was approximately 154/77 mmHg (systolic/diastolic), and the mean aortic
flow was approximately 6 L/min.
Table 56- Servo motor settings for normotensive and hypertensive cases

Parameter
Nomotensive Hypertensive*
700,000
900,000
Distance
5,000
6,000
Speed
100
100
Acceleration/ Deceleration time
300
300
Wait time
*Hypertensive setting increases cardiac output and does not change peripheral vascular
resistance.
8) In the Job operations screen, change the number of times to ‘0’. The servo motor will
only stop on a user command as it will run an infinite number of times.
9) Ensure that the servo motor is aligned with the blue mark on its base.
10) If servo motor control pump drive is misaligned, hand adjustment is possible as long as
the servo is turned off. If the servo motor went through all of the number of times it’s
commanded to go through, it should return to its home position.
11) After inputting the proper specifications, select Sevro ‘On’ the run button that is located
in the bottom right-hand corner
12) Select ‘Execute’
13) When a warning message appears, select ‘Yes’
14) This will cause the servo motor to begin pumping.
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Check the servo motor alignment every time an error occurs that says servo could not return to
home position.
Labview:
Open Labview 2009
1) The primary working file is called Nicole_DAQAssistant_to_DataArray_v2.vi
a. This can be found at C:/Documents and Settings/All Users/Shared
Documents/Labview Vis/Prosthetic Heart Valve Project 2010-0520/DAQAssistant_to_DataArray Folder/
Nicole_DAQAssistant_to_DataArray_v2.vi
2) Make sure the USB DAQ is on
3) In Labview, press the play button
Executing a Test:
1) In Sigma- Win
a. Change the number of times to 0 (infinity, the motor will run until you stop it)
b. Select ‘Servo On,’ ‘Execute, ‘OK’
c. Let the system settle for approximately 10 seconds, then data can be taken
i. The settling can be seen on the pressure monitor
2) In Labview
a. Select ‘Acquire Data’
b. Once data appears on DAQ graph (after ~3 seconds) using the pull down menu,
all channels can be seen after pressing ‘Graph’)
c. Select ‘Save Data’
i. All 8 channels of data will be saved to one file in separate columns
3) Stop the Servo motor by selecting ‘Cancel’ in the Sigma- Win program
a. Do this before changing the pressure transducers to a different location (this will
eliminate stress on the connectors
4) Repeat 2 more times to collect data from all junctions of the arteriovenous arm model.
5) On the third trial, continue running the servo pump and collect flows at each section
a. This is done so manually by clamping the flow probes on the tubing
b. Allow approximately 10 seconds for the signal to settle
c. In a spreadsheet write down the mean flow observed on the flow meter
How to Drain the System:
1) Place the tube connected to the blue valve of the ventricular chamber and the tube
connected to the valve between the imaging and aortic chambers into the top of the liquid
source.
2) Open both of the large blue valves and the valve between the imaging and aortic
chamber.
a. The blue valves are located on the ventricular and secondary chamber.
3) Turn the master flux pump’s switch into the forward position.
a. Turning the master flux pump this way will cause the pump to drain the liquid
from the system.
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4) Remove objects on top of the secondary, aortic, and buffering chamber. Also, remove
the middle red cap from the ventricle chamber and the two middle red caps from the
valve chamber.
5) The system is done draining when the ventricular chamber is completely empty and the
secondary chamber only has liquid that is below the blue valve.
a. Tilting the secondary chamber will help drain the remaining fluid that is not being
drained.
b. Turn off the master flux pump when no more liquid is being pumped.
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Appendix G- Matlab Code for Mathematical Model
Function to solve for artery resistance:
function [ output_args ] = Artery_Res( Radius, Length )
%Output and Artery Resistance Resistance Value mmHg/(cm3/s)
Blood_Viscosity = 0.0035;%(Paxs)
output_args =

60*(8*(Blood_Viscosity*0.0075)*Length/60)/(pi*(Radius)^4);

end

Function to solve for artery capacitance:
function [ output_args ] = Artery_Cap( Radius, Length, Thickness)
%Output and Artery Resistance Elastic Capacitance (cm3/mmHg)
Artery_Elastic_Modulus = 455;%(kPa)
output_args =
(2*Radius*(Radius)^2*pi*Length)/(Thickness*Artery_Elastic_Modulus*7.5);
end

Function to solve for artery radius:

function [ output_args ] = Solve_Radius( Resitance, Length )
%Output Artery Resistance Resistance Value mmHg/(cm3/s) based Resitance
%Lenght
Blood_Viscosity = 0.0035;%(Paxs)
output_args =
(60*(8*(Blood_Viscosity*0.0075)*Length/60)/(Resitance*pi))^(1/4);
end

Matlab M-File:
% Doran Mix (Nicole Varble Revision)
% DRIL Modeling Flow in Distal vs. AVF Radius
% 5/24/2011
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% Plotting of the Distal Segment Flow vs. AVF Radius
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
close all
clear all
clc
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
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% Heart Model
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
HeartFlow = 52.5; %Peak Flow ~LV Ejection Volume 16.71 cc/stroke
%Calculate Flow via intergal peak*sin(X) t= 0 to pi/2
%Flow = 16.71 cc/stroke *60 = 1002.6
%Beats per mintue
HeartRate = 62;
HeartHz = HeartRate / 60;
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% Define Default Model Variables Values
% Note all values in cm
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%(cm)Subclavian (1/2")
Inflow_Radius = 0.64;
Inflow_Length = 4.7;
%(cm)
Prox_Radius = 0.31875;
Prox_Length = 8.89+7.62*2;
Collateral_Flow = .015;
Collateral_Length = 59.69;

%(cm)Axillary +Prox Brach
%(cm)
% Percent of Inputflow through collateral
% Lenght of Collateral Segment (cm)

Dist_Radius = 0.31875;
Dist_Length = 2*7.62;

%(cm)Dist Brach
%(cm)

Radial_Radius = 0.15875;
Radial_Length = 5.08+11.43;

%(cm) Radial
%(cm)

Ulnar_Radius = 0.15875;
Ulnar_Length = 16.51;

%(cm)

AVF_Radius = 0.3175;
AVF_Length = 19.05;

%(cm)
%(cm)

Artery_Wall_Thickness = .1; %(cm)
R_Venous = 3;
C_Venous = 1;
%
%
%
%

% Ohms
% Faradas

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
DONT Change Code Below this line:
Convert Radius and Lenght to Electic Model
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

R_Inflow = Artery_Res(Inflow_Radius,Inflow_Length);
C_Inflow = Artery_Cap(Inflow_Radius,Inflow_Length,Artery_Wall_Thickness);
R_Prox = Artery_Res(Prox_Radius,Prox_Length);
C_Prox = Artery_Cap(Prox_Radius,Prox_Length,Artery_Wall_Thickness);

R_Dist = Artery_Res(Dist_Radius,Dist_Length);
C_Dist = Artery_Cap(Dist_Radius,Dist_Length,Artery_Wall_Thickness);
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R_AVF = Artery_Res(AVF_Radius,AVF_Length);
C_AVF = Artery_Cap(AVF_Radius,AVF_Length,Artery_Wall_Thickness);
R_RadUln = 1/(1/Artery_Res(Radial_Radius,Radial_Length) + ...
1/Artery_Res(Ulnar_Radius,Ulnar_Length));
C_RadUln = Artery_Cap(Radial_Radius,Radial_Length,Artery_Wall_Thickness)+ ...
Artery_Cap(Ulnar_Radius,Ulnar_Length,Artery_Wall_Thickness);
R_Coll = ((1/Collateral_Flow)-1)*(R_Prox+R_Dist);
Coll_Radius = Solve_Radius(R_Coll,Collateral_Length);
C_Coll = Artery_Cap(Coll_Radius,Collateral_Length,Artery_Wall_Thickness);
%
%
%

disp(['Prox Radius = ', num2str(R_Prox),...
' Collateral Radius = ',num2str(R_Coll), ...
' RadUln = ',num2str(R_RadUln)]);

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% DOE #1: Change in AVF Radius vs. change in Distal Flow
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
for counter = 1:1:10,
AVF_Radius = 0.05 * counter;
R_AVF = Artery_Res(AVF_Radius,AVF_Length);
C_AVF = Artery_Cap(AVF_Radius,AVF_Length,Artery_Wall_Thickness);
sim('AVF_Model_3sec_Write');
outputACFlow(counter,:) = AC_Inflow;
outputHandFlow(counter) = Hand_Flow;
minDistalACFlow(counter) = min(Distal_AC_Flow);
maxDistalACFlow(counter) = max(Distal_AC_Flow);
outputDistalFlow(counter) = Distal_Flow;
outputAVFFlow(counter) = AVF_Flow;
outputRes(counter) = AVF_Radius;
outputMap(counter) = (max(BP)-min(BP))/2 + min(BP);
%
%
%
%

disp(['AVF Radius = ', num2str(AVF_Radius),...
' Prox Radius = ', num2str(R_Prox),...
' Collateral Radius = ',num2str(R_Coll), ...
' Radial Radius = ',num2str(R_RadUln)]);

end
plot(outputRes,outputDistalFlow);
grid on
xlabel('AVF Radius (cm)')
ylabel('Distal Flow (mL/min)')

%figure, plot(outputRes,minDistalACFlow,outputRes,maxDistalACFlow);
%grid on
%xlabel('AVF Radius (cm)')
%ylabel('Distal Flow (cc/stroke)')
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Appendix H- Simulink Model from Mathematical Model

Nicole A. Varble

156

6

CFD Model
During the fall quarter (20101) in a class called Computational Fluid Dynamics (0304-831)

under the instruction of Dr. Risa Robinson, a simple computer model of the brachial- AVF
bifurcation was built and presented as a final project. A 3-D model was created in Gambit
(ANSYS) and then analyzed in Fluent (ANSYS). The specific aims of this project were:
•

Create the brachial artery/ AVF bifurcation based on the average blood vessel diameter,
length and boundary conditions. Analyze the entrance to the access vessel and the
magnitude and direction of flow to the hand in the distal brachial artery.

•

Change the boundary conditions to that of a hypertensive patient (elevated blood
pressure). Determine if flow conditions at the access and through the distal brachial artery
changed.

•

If retrograde flow does not occur in the distal brachial artery, determine the boundary
conditions at the outlet for which retrograde flow occurs. If retrograde flow does occur,
determine a threshold at which this does occur and quantify in terms of differential
pressure between the two outlets.

Eight cases were run to determine if retrograde flow occurred in the distal portion of the
brachial artery and to what extent hypertension played in the development of retrograde flow.

The project was continued through the winter quarter and an additional aim was created:
•

Create a relationship between the ratio of the fistula and distal brachial artery diameter.

•

Determine what ratio of fistula diameter to brachial artery diameter results in retrograde
flow.

Seven cases were run each altering the diameter of the fistula. The magnitude and direction
of flow in the distal brachial artery relative to the inflow at the proximal brachial artery was
monitored in each case. Ultimately, the goal was to create a rudimentary experimental model
which can predict the onset of retrograde flow in the distal brachial artery based on the
relationship of the fistula and distal brachial artery diameters.
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6.1.1

Assumptions
Assumptions include: Non-pulsatile flow, blood vessels are idealized as perfect cylinders

with sections of constant diameter, diameters are based on the average size of blood vessels
complied from the current literature, inlet and outlet pressures and flows are based on average
pressures and flows in the vessels and blood, the working fluid, is considered a non-Newtonian
fluid with an average density and dynamic viscosity as shown in Table 58.
6.1.2

Geometry, Material Properties and Boundary Conditions
Because this project focuses only on the entrance of the access, the entirety of the arm

vasculature will not be modeled. The area modeled will include a portion of the brachial artery
before and after the access, and a portion of the access vessel itself. All fluid will enter the
system at the proximal brachial artery (closer to the center of the body), and will flow either
through the distal brachial artery (further away from the body) or through the access vessel. At
the inlet (proximal brachial artery) a velocity boundary condition will exist and at the two exits a
pressure boundary will exist at the distal brachial artery and the access. The model was created in
3-D in order to analyze areas of possible recirculation. Figure 99 below shows a 2-D schematic
of the geometry including labeled boundary conditions.

L1

L2

Wall, no slip

Brachial Artery
Inlet, vo

Flow

Outlet, P1
Db

L

Blood

Da

Access Vessel

Outlet, P2
Figure 99- Schematic of CFD modeled geometry

Listed below in Table 57 is a set of physical parameters for the geometry and the
boundary conditions for the two primary test conditions. Condition 1 assumes that the individual
has a healthy blood pressure. Condition 2 assumes that the individual has an elevated blood
pressure.
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Table 57: Geometry and Boundary Conditions

Name

Parameter

Value

Units

Brachial Diameter

Db

4.4

mm

1,2

[55]

Access Diameter

Da

5.5

mm

1,2

[30]

Proximal Brachial

L1

13

cm

1,2

[53]

Distal Brachial Length

L2

13

cm

1,2

[53]

Access Length

L3

10

cm

1,2

[25]

Inlet Velocity

Vo

570

mL/min

1,2

[27]

9.50E-06

m3/s

67

mmHg

1

[27]

8,930

Pa

87

mmHg

11,600

Pa

47

mmHg

6,270

Pa

67

mmHg

8,930

Pa

Condition Reference

Length

Brachial Pressure Out

Brachial Pressure Out

Access Pressure Out

Access Pressure Out

P1

P1

P2

P2

2

1

[27]

2

Figure 100 below shows several views of the 3D geometry created in Gambit. For the
bifurcation to be created seamlessly between the two vessels, the access vessel (AVF) was
created with a diameter of 4.4 mm at the bifurcation and 5.5 mm at the most distal portion to the
bifurcation. For the continuation of the CFD project, the AVF diameter was changed in Gambit
for each case.
Brachial Artery

AVF
Front
Figure 100- Front view of the 3D geometry created in Gambit
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Table 58 gives the fluid working conditions. As stated above, blood will be taken as a
non-Newtonian fluid and then will be analyzed using an average working viscosity and density.

Table 58- Assumed blood properties for CFD model

Parameter

Value

Units

Density

ρ

1060

kg/m3

Dynamic Viscosity

µ

0.005

Ns/m2

Kinematic Viscosity

ν

4.72E-06

m2/s

As shown in Figure 101, the boundary conditions were applied in Gambit. Using the
Fluent 5/6 solver, a velocity inlet and two pressure outlets were defined. The exact values of
these pressures and velocities will be set once the mesh is imported into Fluent and as described
in Table 1.
Velocity Inlet

Pressure_out_1

Front
Figure 101- Specified boundary conditions, with one inlet velocity and two outlet pressures

Pressure_out_2

In order to apply the boundary conditions in Fluent, the inlet velocity needed to be
calculated using the inlet flow rate and the inlet area. As found in Table 59, the inlet velocity
applied in Fluent is 0.625 meters per second. Additionally, pressure_out_1 (P1) and
pressure_out_2 (P2) were set to 8,930 Pa 6,270 Pa respectively.
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Table 59- Inlet velocity calculations for CFD model

Inlet Velocity Calculation
Diameter

0.0044

m

Area

1.52E-05

m2

Flow Rate

9.50E-06

m3/s

Inlet Velocity

0.625

m/s

In order to encourage antegrade (forward flow down the arm) as described in the aims
above, the change in pressure (dP) between the outlets was altered. Six flow parameters were
examined ranging from a difference in pressure of 10 mmHg to 0 mmHg in order to determine
the threshold at which antegrade flow occurs. Practically, the outlet pressure of the access can be
controlled; therefore, these pressures were changed while the outlet of the distal brachial artery
was kept at the normal physiological value.
The quantity, dP, is described as the difference between P1 and P2 (dP = P1- P2), where
P1 is the outlet pressure of the distal brachial artery and P2 is the outlet pressure of the access
vessel. Table 60 shows the specified boundary conditions as well as the resulting differential
pressures between the outlets.
Table 60- Pressure Conditions for altering P2 in CFD model (mmHg)

P1

P2

dP

67

47

20

67

57

10

67

58

9

67

59

8

67

60

7

67

62

5

67

67

0

Additionally, for the continuation of the CFD project several fistula diameters were
chosen to result in a wide range of fistula (df) to brachial artery (db) diameter ratios. Table 61
summarizes all cases run.
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Table 61- Diameter conditions for CFD model

Case

6.1.3

Diameter of Fistula (Df)

Diameter of DIST Brach. (Db)

Ratio

mm

mm

(Df:Db)

3

6.16

4.4

1.4

6

5.5

4.4

1.25

2

4.4

4.4

1

5

3.3

4.4

0.75

4

3

4.4

0.682

7

2.2

4.4

0.5

8

1.1

4.4

0.25

Mesh
The edge that creates the bifurcation was first meshed using a successive ratio of 1.016

and an interval count of 10. Each face was then meshed using a quad/pave scheme with an
interval count of 10. Finally, the volume was meshed using the default tet/hybrid mesh with an
interval size of 1. Figure 102 below shows the generated mesh which contains 23,870 elements.
The three meshed faces are labeled with green arrows and the meshed edge is labeled with a
yellow arrow. As expected, the mesh created is finer near the bifurcation and coarser near the
outlets.
Meshed Edge
Meshed
Faces

Figure 102- Mesh on the bifurcation (left) and mesh geometry (right). The originally meshed edge is labeled
with yellow arrow and the originally meshed faces labeled with green arrows.

A grid independent solution was found at Condition 1, where normal inlet velocity and
pressures were used. Four meshes were examined with varying mesh sizes. To test of an
independent solution, the velocity magnitude at the outlet of the brachial artery was examined.
This was then compared to inlet velocity. As shown in Figure 103 and in Table 62, when the
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percent of total flow was compared to the number of elements in four cases, the knee of the
curve (which is identified as the ideal mesh) was found to be Mesh 2. A grid independent
solution indicates a mesh size at which the solution is no longer dependent on the number of
elements.

Mesh 1
Mesh 2

Mesh 4
Mesh 3

Ideal Mesh

Figure 103- Analysis of Grid Independent Solution. The knee of the curve (ideal mesh) is identified.

Table 62- Analysis of Grid Independent Solution

Number of Elements

% of Total Flow in Distal Brachial Artery

Mesh 1

23,870

62.39%

Mesh 2

153,024

40.03%

Mesh 3

382,503

36.99%

Mesh 4

569,812

42.56%

Additionally, and as shown in Figure 103, as the number of elements in the mesh
increase, the solution converges (to ~40% of total flow) and as the number of elements continues
to increase the solution diverges again (Mesh 4). For all solutions, Mesh 2 was used to solve all
cases run.
6.1.4

Numerical Procedures
In Fluent all solution methods were set to the default. Scheme-simple, gradient-least

squares cell based, pressure-standard, momentum-first order upwind. Convergence values were
all set to 1e-6 and at the specified mesh, the solution converged each time.
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6.2
6.2.1

CFD Results
Altering dP
In each case, the velocity profile 8 cm from the bifurcation was examined for retrograde

flow and for magnitude of the outflow. The percentage of total flow in the distal brachial artery
was examined where the total flow is assumed to be the inlet flow velocity. Furthermore, three
additional outputs were taken at each flow condition. The velocity magnitude contour plot was
examined to determine the location of the maximum and minimum velocity. The pressure
contour plot was examined to determine which vessel acts as a low pressure vessel and the
direction the fluid will preferentially flow. The velocity vector plot was examined to determine
the direction of flow.
Table 63 below summarizes the results found. The quantity dP refers to the change in
pressure between outlet of the distal brachial artery and the outlet of the access vessel.
Additionally, when the % of flow is listed as negative, retrograde flow is experienced.

Table 63- Summary of CFD results Part I: Altering dP

Condition
Normal
Hypertensive
Normal
Normal
Normal
Normal
Normal
Normal

dP [mmHg]
20
20
10
9
8
7
5
0

% of Flow in Distal Brach
-33.30%
-33.49%
-2.20%
2.29%
6.38%
10.13%
16.98%
31.74%

Retrograde?
yes
yes
yes
no
no
no
no
no

Location of Vmax
inlet of access
inlet of access
inlet of access
inlet of access
inlet of access
inlet of access
prox brach
prox brach

For the initial aim of this the project, the flow conditions and pressures of an average
individual were used to simulate a flow in the brachial artery with an access vessel.

When pressure conditions were changed to simulate a hypertensive patient no change in
the flow patterns were observed. It can be hypothesized that this occurs because pressure
differential remains the same between the distal brachial and the access outlets. As shown in
Table 63, although retrograde occurred only a marginal increase in flow in the negative direction
was observed in the distal brachial artery (-33.30% to -33.49%). Until the outlet pressures of the
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access vessel is altered outlet, particles have no preference to travel to the distal portion of the
brachial artery in both the normal and hypertensive cases.
When addressing the third goal of this project, for each case, the velocity magnitude
contours were examined along a constant z- plane to identify the location of the point of
maximum flow. Below in Figure 104 a comparison of dP = 20 mmHg and dP = 5 mmHg is
shown. As shown, the maximum velocity does not occur at the access inlet at lower differences
in pressure as it does in the initial conditions.

Maximum Flow

dP = 20 mmHg
Figure 104- Velocity Magnitude contour plot. An iso- surface was created along the constant z- axis.
Maximum velocity occurring just beyond the bifurcation in the access vessel (top) and in the proximal
brachial artery (bottom) for dP equal to 20 and 5 mm Hg respectively.

Furthermore, the pressure contour plots were examined to identify low pressure vessel
and hypothesize the direction of preferred flow. Below in Figure 105 a comparison of dP = 20
mmHg, dP = 5 mmHg and dP = 0 mmHg respectively. As shown, access vessel acts as the
primary low pressure vessel. In addition to lower outlet pressures flow prefers this vessel due to
its larger geometry.

Low Pressure
Vessel
dP = 20 mmHg
Figure 105- Contour plot of static pressure on a constant z- surface. The low pressure vessels where flow will
preferentially travel to are labeled.
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Finally, as shown in Figure 106, the velocity vector plots indicate if flow reversal occurs
in the distal brachial artery. As shown previously in Figure 7, the initial flow conditions cause
flow reversal and therefore additional flow conditions needed to be tested. Retrograde (reversed
flow) occurs at a differential pressure of 20 mmHg, flow becomes nearly stagnant around a
differential pressure of 8-10 mmHg, and flow is antegrade (forward) at 5 mmHg.

Retrograde Flow

dP = 20 mmHg

Antegrade Flow

dP = 0 mmHg

Figure 106- Velocity vector plots on a constant z- surface. Flow reversal occurs at dP of 20 mmHg and 8
mmHg (top) and forward flow occurs at 5 mmHg and 0 mmHg (bottom).

By examining a velocity profile at the distal portion of the brachial artery the average
velocity was extracted. This was then compared to the total velocity inflow at the proximal
brachial artery and the percentage of total flow that reaches the distal brachial artery was
extracted. At conditions which flow is retrograde the quantity is negative.
As shown in Figure 107, a linear relationship exists between the differential pressure and
percentage of total inflow in the distal brachial artery. As shown, antegrade flow occurs at a
difference in pressure (between the outlet of the brachial artery and the outlet of the access) at a
magnitude of 10 mmHg.

Nicole A. Varble

166

Antegrade

Retrograde

Figure 107- Relationship between differential pressure between the distal brachial artery and the access
vessel and the percent of total inflow in the distal brachial artery.

6.2.2

Altering Diameter
For each of the following cases, the percentage of total flow that reached the distal

brachial artery was considered the extent to which retrograde flow was occurring. Positive flow
is considered flow from proximal to distal brachial artery (antegrade) and negative flow is
considered distal to proximal (retrograde). As shown in Table 64, it is evident that for all ratios
of less than 0.80, retrograde flow will occur. Therefore, this model suggests that to avoid the
onset of retrograde flow, a ratio of the diameter of the fistula to the diameter of the distal brachial
artery must be above 0.08. The diameter of the brachial artery was kept constant.
Table 64- Summary of Results Part II: Altering Diameter

Diameter
Case

of Fistula
(Df)

Nicole A. Varble

Diameter

% total

of DIST

Ratio

flow in

Flow

Brach.

(Df:Db)

DIST

Reversal?

(Db)

Brach.

mm

mm

-

3

6.16

4.4

1.4

-54.37%

yes

6

5.5

4.4

1.25

-43.91%

yes

2

4.4

4.4

1

-29.31%

yes

5

3.3

4.4

0.75

-1.27%

yes

4

3

4.4

0.682

9.02%

no

7

2.2

4.4

0.5

31.49%

no

8

1.1

4.4

0.25

61.26%

no
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Shown below in the velocity magnitude plot of Figure 108, when the fistula diameter is
decreased to a ratio below 0.8, the maximum velocity occurs along the distal brachial artery and
not in the fistula. The resistance of the fistula becomes too high to allow high quantities of flow
through it.

Df = 6.16 mm
Db = 4.4 mm
Ratio = 1.5

Figure 108- Velocity magnitude plot for cases when the brachial diameter to fistula ratio is 1.5. The diameter
of the fistula (Df) and the diameter of the brachial artery (Db) are listed above.

The linear relationship between the ratio of diameters and the percentage of flow that
reaches the distal brachial artery can be seen in Figure 109. 100% of flow is considered all the
flow that initially enters the proximal brachial artery.

6.3

CFD
The current CFD model can be regarded as incomplete as it only models the bifurcation of

the brachial artery and the AVF. An expansion of this model to include portions of the vessels in
the arm more proximal and distal to the bifurcation, as well as the inclusion of collateral flow
and the venous flow will add validity to this model.
Furthermore, compliance can be added to the vessel walls and the fluid being used can be
modeled as non-Newtonian. A thorough investigation in the turbulent regions of flow at the
bifurcation of the brachial artery and the AVF can entertain the notion that when surgeons find a
“thrill” at the bifurcation, it is an indication of a functional fistula.
6.3.1

Altering dP
In all cases, the access acts as a low pressure vessel and flow preferentially travels

through it. However, when the differential pressure between the outlet of the brachial artery and
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the outlet of the access is limited to 10 mmHg, antegrade flow can still be preserved in the distal
brachial artery. As shown in the velocity vector plots for the normal and hypertensive cases,
particles have no preference to travel to the distal portion of the brachial artery and simply adapt
by flowing retrograde up the distal portion of the brachial artery and into the access.
Ultimately, what has been extracted from this investigation is a prediction of retrograde
flow in the distal brachial artery based on a measurement of the outlet pressure of the brachial
artery and the access vessel. Theoretically, this predictor holds true for all ranges in pressure and
is dependent only on the difference between the two vessels. Although experimental verification
would be necessary to verify this theory, it is useful insight into why retrograde flow occurs in
the distal brachial artery. In the future a relationship like this may be a useful tool in the initial
construction of the access to prevent the initial onset of retrograde flow and eliminate the need
for corrective procedures such as Distal Revascularization and Interval Ligation (DRIL).
In the future some improvements to this model can be made. Assumptions such as blood
being non- Newtonian and the vessel walls being rigid can be eliminated. Furthermore, an
investigation into the eddy currents and turbulent flow patterns at bifurcations can further
enhance the understanding of the onset of retrograde flow in the brachial artery. Several different
turbulent solvers (k-omega, k- epsilon, etc.) can be used and the results can be compared side-byside.

6.3.2

Altering Diameter
As with the relationship created previously in this project, the results of this study can

become a useful tool in the operating room to analyze the risk of the occurrence of retrograde
flow before the fistula is put in place. By measuring the diameter of the existing brachial artery
distal to the site of the fistula/brachial bifurcation, the physician will have the ability to
appropriately size the fistula to deter the onset of steal. The model of course, needs to be
confirmed with a more complex CFD model and then experimentally in the operating room.
Factors such as pulsatile flow, elasticity of the vessel walls, and the hemodynamics of blood as a
Newtonian and non-Newtonian fluid should all be considered before this model is considered
valid. This is, however, is the first step in a long and insightful investigation of how the physical
parameters surrounding an arterial venous fistula directly affect the onset of steal.
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Antegrade

Retrograde

Figure 109- Relationship of fistula and brachial diameter to percent distal brachial flow. A minimum ratio of
0.8 will result in antegrade flow.
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